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DOCUMENT- IDENTIFIER: US 6031422 A 

TITLE: Power amplifier and nuclear magnph-ir r-pPionanf-p^ tomography apparatus employing 
same 



Ah.c;tr;^rt P;^rag raph T.pft (1) : 

A power amplifier has a supply assembly for offering an intermediate circuit voltage 
and an output stage connected to the supply assembly for generating an output 
voltage from the intermediate circuit voltage. The supply assembly contains at least 
two voltage sources that can be optionally connected in parallel or in series via at 
least one switch stage. A nuclear magnetic: rRSonrance tomography apparatus can be 
equipped with such a power amplifier. The power amplifier exhibits the required high 
performance capability in quantitative and qualitative terms, with low losses. 

Brief Summary Paragraph Pight (2) : 

The invention is directed to a power amplifier and to a nuclear magnetic resonance 
tomography apparatus employing same. The power amplifier can be utilized in all 
fields wherein high output voltages and currents must be offered, particularly for 
inductive loads. For example, the amplifier is suitable for driving motors and 
actuators in automation technology, traffic technology and systems technology. In 
particular, however, the amp1 i f i er is suitable for use in medical technology as a 
gradient amplifier in nuclear magnetic resonanrp tomography ( magnet -i r rpRonance 
imaging) . 

Brief Summary Paragraph Right (4) : 

A nuclear magnetic resonanrp tomography apparatus typically has an orthogonal 
gradient coil system that surrounds the patient volume. A gradient amplifipr which 
supplies the coil with an exactly regulated current is provided for each gradient 
co il . For example, the current through each gradient coil can reach values up to 3 00 
A in a predetermined current curve that must be adhered to with a precision in the 
mA range. In order to achieve the steep current edges that are also required, 
voltages of, for example, over 1000 V must, for example, be applied to the gradient 
coil . The precision and dynamics of the gradient current are critical for the image 
quality. Moreover, the gradient amplifier must of fer ^adequate power in order to 
accommodate the ohmic losses given a constant current flow of, for example, 300 A 
through the gradient coi 1 , even in the case of longer current pulseR . 

Rrief Summary Paragraph Pight (5) : 

U.S. Pat. No. 5,515,002 discloses a gradient amplifier having a supply assembly for 
offering a intermediate circuit voltage and an output stage connected to the supply 
assembly for generating an output voltage from the intermediate circuit voltage. The 
output stage is fashioned as a switched output stage employing bridge circuitry, 
with MOSFET transi stors being utilized as switch elements. 

Brief Summary Paragraph Rig ht (6) : 

The intermediate circuit voltage in this known gradient amplifif^r must be 
correspondingly high because of the high output voltages to be achieved for fast 
current variations. Further, a high switching frequency is required in order to 
achieve the required current regulating precision given slight residual ripple. For 
these reasons, high switching losses occur at the MOSFET transi .c;to-r.ci of the output 
stage . 

Brief Summary Paragraph R i g ht (8) : 

The above object is achieved in accordance with the principles of the present 
invention in a power amplifier, particularly a g-radipnf amp 1-ifiF>-r for use in a 
nuclear magnetic resonance tomography apparatus, having a supply assemhl y which 
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produces an intermedi^^ circuit voltage, an output st^^ connected to the supply 
assembly which generates an output voltage from the intermediate circuit voltage, 
and wherein the supply assembly contains at least two voltage sources which can be 
selectively connected in parallel or in series via at least one switch stage. 

PtT-jpf .Snmrnary Paragraph Right (9) : 

Because at least two voltage sources of the supply assembly are optionally 
sw1 tchabi e parallel or in series, the intermediate circuit voltage can be matched to 
the output voltage of the amplifier which is to be achieved. Given high current rise 
rates, there is the possibility of temporarily offering a correspondingly high 
intermediate circuit voltage by a series connection of the voltage sources. When, by 
contrast, a lower output voltage is required (possibly given a high current 
intensity), the voltage sources can be connected in parallel. A higher on/off ratio 
(duty cycle) of the switch elements of the output stage is possible as a result of 
the lower intermediate circuit voltage achieved in this way, so that significantly 
lower switching losses occur. Moreover, the required power is uniformly divided 
among the voltage sources, so that high continuous powers are possible. Overall, the 
inventive gradient amplif-if^-r thus exhibits considerable advantages with respect to 
dissipated power, cooling requirements, structural size and costs. 

Brief fiiimmary P;=ar-agra ph P-ight (10) : 

In a preferred embodiment, the supply assembly of the power amplifier is formed of a 
number of branches connected in parallel. In each branch one of the voltage sources 
is connected in series with at least one diode . Each sw-i tch is preferably connected 
to opposite poles of two voltage sources. The voltage sources are preferably 
connected in series when the switch is condnct-ivp (in the momentary direction of the 
current) but are otherwise connected in parallel. 

Brief Summary Paragraph T^ighf (12) : 

In the feedback mode of the power amplifier, the magnetic energy stored in the 
inductive load can be returned to the power amplifier via unbiased diodes . The 
voltage sources are preferably connected in series for faster current dismantling. 
This can ensue by including one d-indf^ -in f^ar-b Ptwitrh arrangement. Alternatively or 
additionally, each switch arrangement can be actively driven in a feedback mode in 
order to connect the voltage sources in series. The combination of these two 
possibilities has the advantage that transition problems are avoided given a 
reversal of the current direction due to an activation of the ^wi tnh arrangement at 
the zero-axis crossing. In preferred embodiments, the recognition of the onset of 
the feedback mode ensues with an evaluation of the current curve or by direct 
measurement at the switch devices . 

Brief Summary Paragraph Right (13) : 

In the normal mode of the power amplifier, the voltage sources are preferably 
connected in series when the output voltage to be achieved exceeds a predetermined 
threshold, and thus a high intermediate circuit voltage is required. Other swi tchi ng 
strategies are also possible, particularly those wherein a future current 
requirement or a charge condition of the individual voltage sources is taken into 
consideration. l\ M 

Brief Summary Paragraph Right (14) : 

The output stage preferably includes a switch bridge and generates the output 
voltage wit h pul .qp -wi dth modulation. 

Detailed Def^cri pti on Paragraph Pight (1) : 

The supply assembly 10 shown in FIG. 1 includes a first voltage source 12 for 
offering a first supply voltage U.sub.l, a second voltage source 14 for offering a 
second supply voltage U.sub.2, a first diodp 16, a second diode 18 and a swi tr.h 
stage 20. In the exemplary embodiment described here, the voltages U.sub.l and 
U.sub.2 are equal. 

Detailed DeFicription Paragra ph Pight (2) : 

A first branch of the supply assembly 10 is formed by the first voltage source 12 
and the first diode 16, whose anode is connected to 'the positive pole of the first 
voltage source 12. Together, the second voltage source 14 and the second di nde- 18, 
which has its cathode connected to the negative pole of the second voltage source 
14, form a second branch of the supply assembly 10. The two branches are connected 
in parallel and are connected to two intermediate circuit terminals 26. An 
intermediate circuit voltage U.sub.z generated by the supply assembly 10 is across 
terminals 26. 
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r)p^a■^^pr^ nf^c;rr-ipt-inn V^RTr?igr^ph Vfight (3) : 

The switch stage 2 0 is formed of a MOSFET trans is tor 22 with an inherent diodf^ 24 
and is connected between the two branches, to the positive pole of the first voltage 
source 12 and the negative pole of the second voltage source 14 . MOSFET modules 
suitable for the switch stage 20 are available, for example, under the model 
designation "Siemens BSM" . The cathode of the inherent dindp 24 is connected to the 
positive pole of the first voltage source 12 and the anode is connected to the 
negative pole of the second voltage source 14. A control terminal (gate terminal) of 
the .qwi trh stage 20 is connected to a control unit 28. 

npt-ailed Description Paragraph Right (4) : 

FIG. 2 shows a known output stage 30 that is connected to the supply assembly 20 via 
the intermediate circuit terminals 26. The output stage 30 is fashioned on the basis 
of bridge circuitry with four bridge arms. The bridge arms respectively contain a 
<^wi tch element 32-38 and d-i odp^s 40-46, with each switch element 32-38 connected in 
series with the respective diode 40-46 in the same bridge arm. The switch elements 
32-38 are MOSFET transistors that each contain an inherent diode . The four bridge 
arms are arranged in parallel and are connected to the intermediate circuit voltage 
U.sub.Z. The swi trh elements 32-38 are driven by the control unit 28, that includes 
a current regulator and pulse- width modulator. 

Detailed Description Paragraph Right (5) : 

Respective inductors 48-54 are connected to the junctions of the series-connected 
switch elements 32-38 and diodes 40-46. The inductors 48-54 are arranged in two 
pairs, with the inductors in each pair connected in series. The junction between 
each inductor pair is connected to one of the output terminals 56. A predominantly 
inductive load 58, a gradient coil here, is connected to the two output terminals 
56. An output voltage U.sub.A of the output stage 30 is across the load 58, and an 
output current I. sub. A flows through the load 58. The functioning of the output 
stage 30 and its structure are disclosed in greater detail in German OS 40 07 566 
(corresponding to U.S. Pat. No. 5,113,145), the latter of which is incorporated 
herein by reference. 

Detailed Description Paragraph Right (6) : 

All components of the gradient amplifier are wired by low- inductance circuit boards 
with planar conductor structures in order to avoid parasitic voltage spikes, as 
described in German OS 40 07 566 and U.S. Pat. No. 5,113,145. 

Detailed Description Paragraph Right (7) : 

During operation of the gradient amplifier shown in FIG. 1 and FIG. 2, the control 
unit 28 drives the switch stage 20 of the supply assembly 10 and the switch elements 
32-38 of the output stage 30. When the switch stage 20 (either the MOSFET transi stor 
22 or the inherent diode 24) is conduct i ng, the voltage sources 12 and 14 are 
connected in series. When, by contrast, the switch stage 20 is open 
( non - conduct i ng ) , then the voltage sources 12 and 14 deliver the intermediate 
circuit voltage U.sub.Z in parallel circuitry. 

Detailed Description Paragraph Right (8) : 

The control unit 28 determines the required output voltage U.sub.A as well as the 
operating condition (normal or feedback mode) of the power amplifier and swi tches 
the MOSFET trans i stor 22 into a conductive state when either the output voltage 
U.sub.A exceeds a predetermined threshold or a feedback mode occurs. Further, the 
control unit 28 drives the swi tch elements 32-38 of the output stage 30 in order to 
generate the output current I. sub. A corresponding exactly to a reference current 
value by pulse-width modulation. 

Detailed Description Paragraph Right (11) : 

The high current rise rate in the time span t.sub.l -t.sub.2 that requires a high 
output voltage U.sub.A exceeds the threshold prescribed in the control unit 28, so 
that the MOSFET transistor 22 is placed in its conducti ng state, and the voltage 
sources 12 and 14 are thus connected in series. The voltage U.sub.l +U.sub.2 (or 
2 .multidot .U. sub . 1 because U.sub.l is equal to U.sub.2) is now across the terminals 
26 as the intermediate circuit voltage U.sub.Z. The output voltage U.sub.A can be 
regulated up to the full intermediate circuit voltage U.sub.Z. 

Detailed Description Paragraph Pight (12) : 

If, deviating from FIG. 3, only a gradual rise of the output voltage U.sub.A is 
required, the control unit 28 likewise doubles the intermediate circuit voltage 
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U.sxib.Z as soon as tn^threshold is exceeded. The volt^fle discontinuity of the 
intermediate circuit voltage U.sub.Z is immediately compensated by a corresponding 
drive of the swi tch elements 32-38 of the output stage 30 (reducing the active pul cir 
widths) , so that a linear regulation, without any discontinuities of the output 
voltage U.sub.A and of the output current I. sub. A is assured. 

Df^fa-iled Dfiscription Paragrap h Pighh (13) : 

When the current rise rate falls below the threshold in terms of magnitude, or when 
(in the time span t.sub.2 -t.sub.3 in FIG. 3) the current reaches the pnl f^f^. maximum, 
then the control unit 28 places the MOSFET tranRi ^hnr 22 in a blocking state. Via 
the diodes 16 and 18 acting as decoupling diodes, the voltage sources 12 and 14 are 
thus switched into the parallel mode. The intermediate circuit voltage drops to 
U.sub.Z =U.sub.l -U.sub.2, resulting in significantly lower switch-ing losses at the 
swi tch elements of the output stage 30, and the power required for the compensation 
of the ohmic losses in the load 58 is uniformly distributed between the voltage 
sources 12 and 14 . 



Detailed Descri pti on Paragraph Pighh (14) : 

The inductive load 58 is rapidly demagnetized (negative current ramp di/dt) in the 
time span t . sub .3 - t . sub . 4 . The magnetic energy 

(l/2.multidot.L.multidot.I.sub.A.sup.2) stored in the load 58 is thereby fed back 
into the voltage sources 12 and 14. A high intermediate circuit voltage U.sub.Z is 
again required for rapidly dismantling the output current I. sub. A in this feedback 
mode. Even without the intervention of the control unit 28, the voltage sources 12 
and 14 are connected in series here because the di ndf^c. ig and 18 are blocking in the 
feedback path and the inherent diode 24 of the i^w-i tr-h means 20 is izonducJiiite . 
Regardless of the amplitude of the intermediate circuit voltage U.sub.Z, a 
continuous current regulation by piiiae- width modulation of the output stage 3 0 also 
ensues . 



Detailed Description Paragraph P-tghh (16) : 

A negative output current I. sub. A is built up in the load 58 beginning at the point 
in time t.sub.5. Since the polarity of the output current I. sub. A is defined in a 

known way by the drive of the switch bridge in the output stage 30 (and the 

intermediate circuit voltage U.sub.Z always exhibits a constant polarity), the 

swi tch unit 2 0 is driven here in the same way that was set forth above for a 
positive output current I. sub. A. 

Detailed Description Paragraph Right (17) : 

As presented above, the inherent diode 24 is in a rondnrt-i ng stage in the feedback 
mode, so that an additional drive of the MOSFET tranHi sfor 22 is actually not 
required. If, however, a direct change from one direction of the output current 
I. sub. A to the other direction is to ensue, the MOSFET tranig-i cifn-r 22 must be 
switched to the conducting state no later than the zero-axis crossing. If cut-in 
took place exactly at the zero-axis crossing, however, this would be time-critical 
and could lead to undesired noise pulses . The control unit 28 therefore always 
places the MOSFET transistor 22 into a nondnrti state when a voltage in the / 
conduct i ng> direction is across the inherent diocie 24. This avoids the problem just 
described and is possible without further difficulty since the drain- source channel 
of the MOSFET transistor 22 is conductive in both directions. 

Detailed Description Paragra ph Right (18) : 

An alternative embodiment of the supply assembly 10 shown in FIG. 4 is expanded by a 
third branch compared to that shown in FIG. 1. This third branch includes a third 
voltage source 14' for offering a third supply voltage U.sub.3, with U.sub.l 
=U.sub.2 =U.sub.3. The third voltage source 14' is connected to the intermediate 
circuit terminals 26 via a further di odp^ 18 ' . An additional di odp 16' is connected 
as a decoupling diode between the positive pole of the second voltage source 14 and 
the corresponding intermediate circuit terminal 26. 

Detailed Description Paragra ph Right (19) : 

Like the swi tch stage 20, a further swi toh stage 20' is composed of a MOSFET 
transi stor 22' with an inherent di oHp 24' and is connected between the second and 
the third branches of the supply assembly 10, to the positive pole of the second 
voltage source 14 and to the negative pole of the third voltage source 14'. A 
control input of the switch stage 20' is connected to the control means 28. 

Detailed DeRrription Paragra ph Right (20) : 

During operation of a gradient amplifier that contains the supply assembly 10 of 
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FIG. 4 and the output^cage 30 of FIG. 2, the two siisLLtST stages 20 and 20' in the 
exemplary embodiment described here are always driven in common. When the switch 
stages 20 and 20' are nondurt i ng^ then the voltage sources 12, 14 and 14' are 
connected in series. The intermediate circuit voltage U.sub.Z thus amounts to 
U.sub.l +U.sub.2 +U.sub.3 or, since the voltages U.sub.l through U.sub.3 are the 
same, three times the value of any of these voltages. When the rwt trh stages 20 and 
20* are open (non-conducting) , then the voltage sources 12, 14 and 14' act in 
parallel and U.sub.Z =U.sub.l =U.sub.2 =U.sub.3 applies. A variation of the 
intermediate circuit voltage by a factor of 3 is thus possible overall given the 
circuit of FIG. 4. 

Detailed Description Paragraph Right (21) : 

In the alternative embodiments of the supply assemblies shown in FIG. 1 and FIG. 4, 
the swi tch stages 20 and 20' can be formed by other suitable switch elements, for 
example IGBTs (insulated gate bipolar trans-i .gtors) . Separate unbiased Hi odps, which 
are already inherently present in MOS field effect transistors , may possibly then be 
connected with opposite polarity for the feedback. Further, more than three voltage 
sources can be provided or the voltage sources can exhibit different voltages. 
Switrh-j ng to produce combinations of series and parallel circuitry, rather than only 
series or only parallel, are also possible. 

CLAIMS : 

1. A power amplifier comprising: 

a supply assembly which produces an intermediate circuit voltage at a supply 
assembly output; 

an output stage, comprising a plurality of driveable switnh elements, connected to 
said supply assembly output for generating an output voltage at an output stage 
output from said intermediate circuit voltage; 

said supply assembly comprising at least two voltage sources and at least one sw-i tnh 
stage, and means for optionally connecting said at least two voltage sources in 
parallel or in series via said at least one switched stage; and 

control means for driving said switch elements of said output stage and for 
operating said at least one switch stage for connecting said at least two voltage 
sources in series when a desired output voltage exceeds a predetermined threshold. 

2. A power amplifier as claimed in claim 1 wherein said supply assembly comprises a 
plurality of branches connected in parallel, each of said branches containing one of 
said voltage sources and at least one diode connected in series with the voltage 
source in the branch. 

3. A power amplifier as claimed in claim 1 wherein each of said two voltage sources 
has two poles of opposite polarity, and wherein said swi trh stage is connected 
between said at least two voltage sources to respective 'poles of the voltage sources 
of opposite polarity. 

4. A power amplifier as claimed in claim 1 wherein said at least one switch stage 
comprises at least one diode for switrh-ing said at least two voltage sources in 
series in a feedback mode. 

6. A power amplifier as claimed in claim 1 wherein said output stage contains a 
swi tch bridge, and wherein said output stage comprises means for generating said 
output voltage from said intermediate circuit voltage using said switch bridge by 
pul se -width modulation. 
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Ahstrarr Par-pgraph T.pf^ (1) : 

A power switched amplifier has a swi trh^d output stage which generates an output 
stage voltage and a filter stage coupled to the piw-i trhpd output stage for smoothing 
the output stage voltage. The smoothing effect of the filter stage is made to be 
variable with a control signal. Given little outlay, such an amplifier is capable of 
generating a well -smoothed output voltage with a high voltage change rate. 

Brief .qummary Par;^gr;^ph P^gh^ (2) : 

The present invention is directed to a power switched amplifier of a type having a 
switched output stage which generates an output voltage, and a filter stage 
connected to the switched output stage for smoothing the output voltage. The present 
invention is further directed to a power swi trh^d amplif-if^-r of a type suitable for 
use as a gradient amplifier in a magnetic TRsnnartrR tomography apparatus. 

Brief Summary Paragraph Right (4) : 

An amplifier which delivers steep output voltage edges and generally exhibits a low 
residual ripple, for example, for use as a gradien t amplifip-r of a nuclear magnet ic 
resonance tomography apparatus. 

Brief Summary Paragraph Right (5) : 

Generally, a nuclear magnetic resonance^ tomography apparatus has three gradient 
co il s in which exactly regulated periodic currents respectively flow. For example, 
the current through each gradient coi 1 in a cyclical current curve can reach values 
up to 3 00 A that must be adhered to with a precision in the mA range. The current 
curve can, for example, exhibit a cycle duration of 2 0 ms, whereby a current rise 
fromO to 300 A within 1 ms can be required. In order to enable these rapid changes 
in current, a voltage up to, for example, .+-.300 V having as vertical an edge 
steepness as possible must be applied to the gradient coi 1 . 

Brief Summary Paragraph Right (6) : 

Switched gradient amplifiers /that, for example, work with a switching clock of 50 
kHz are utilized in order to meet these demands, however, an undesired residual 
ripple (switching ripple) is produced in the output voltage by the switching , The 
residual ripple may cause resonance in sub- regions of the gradient coi 1 , which is a 
complex structure with a plurality of local capacitances and inductivities . The high 
voltages thereby arising can produce local discharges that upset the patient and 
lead to image disturbances . 

Brief Summary Paragra ph Right (7) : 

German OS 40 07 566 discloses a swi tchpd power amplifier of the type initially 
described. This amplifier has a filter arrangement that contains four assemblies, 
each with a series inductance and a smoothing capacitor. 

Brief Summary Paragya ph Right (9) : 

The smoothing effect is also dependent on the switching clock frequency of the 
amplifier. A fast switching clock that exhibits a greater frequency separation from 
the useful signal is suppressed better by a low-pass filter. Given the high powers 
to be switched in the circumstances described above, however, an increase in the 
switching clock is only possible within certain limits and is also very complicated 
within these limits. A high swi tchi ng clock causes high losses (that must be 
eliminated by cooling) and requires the use of more expensive components. 



Rripf finmmary ParagrapTT Ri ght (10) : 

An object of the present invention is to provide a power fiwi trh^d amplifier that, 
given little outlay, is capable of generating a well -smoothed output voltage with a 
high rate of voltage change. 

R-riRf Summary Paragraph Right (12) : 

Due to this possibility of controlling the smoothing effect, the inventive amplifier 
need be designed for only a relatively low swi tching frequency without having to 
forego a strong filter effect. The amplifier is therefore economic in terms of 
manufacture and nonetheless supplies a high image quality given employment in a 
tomography apparatus . 

Rrif^f .qnmmary Paragraph Right (14) : 

In one embodiment, the control unit obtains the information required for generating 
the control signal by measuring the output stage voltage of the amplifier. An input 
signal (reference value) of the amplifier, however, preferably is supplied to the 
control unit. In this case, the control unit can generate other control signals of 
the amplifier, for example pulse width modulated awi trhi ng signals for switrhe^d 
components of the output stage. 

Brief Summary Paragraph Right (20) : 

Depending on how many signal states the control signal can assume, the control 
element preferably acts as switch of a controllable resistor. The control element is 
preferably fashioned as MOSFET (MOS field effect tranpt-i Ator ) or as bipolar 
transistor, particularly as an IGBT (insulated gate bipolar tranRi Rtor ^ . 

Detailed Description Paragraph Right (1) : 

Each ampi i f i er embodiment in FIG. 1 and FIG. 2 has a power pack 10, a f?w-i trh^d 
output stage 12, a filter stage 14 and a control unit 16 as the main af^sp^mhl i f^.q of a 
gradient amplifier. From an input voltage u.sub.l, the power pack 10 generates a 
stabilized intermediate circuit voltage u.sub.2 across inputs of the switched output 
stage 12. In a known way, the switched output stage 12 is formed by a bridge circuit 
composed of four switched components 18 operated by a control unit 16. The switched 
components 18 are fashioned as power MOSFETs, each an unbiased djLode. Two of the 
switched components 18 are switched as a pair in series and each pair is connected 
to the intermediate circuit voltage u.siib.2. A pulse width-modulated output stage 
voltage u.sub.3 that serves as the input voltage for the filter stage 14 is taken at 
the transverse bridge arm, i.e. at the respective junctions between each pair of 
switched components 18. 

Detailed Description Paragraph Right (2) : 

The filter stage 14 includes a capacitor assembly formed of two capacitors 20, 22 
and a control element 24 and also has a series inductance 2 6 fashioned as a coil 
with an inductance of 50 .mu.H. These components form a low-pass filter for 
smoothing the output stage voltage u.sub.4. The smoothed voltage is supplied across 
inputs to a gradient coil (not shown) as the output voltage u.sub.4 of the„gradient 
amplifier. 

IS M 

Detailed Description Paragraph Right (3) : 

The control unit 16 is connected to the control element 24 via a control line 28 and 
is connected via four switch lines 30 to the switched components 18, respectively. 
The control unit 16 has an input line 32 for a reference value signal. 

Detailed Description Paragraph Right (4) : 

In the circuit according to FIG. 1, the two capacitors 20, 22 of the capacitor 
assembly are connected in series. The first capacitor 20 has a capacitance of 10 
.mu.F, and the second capacitor 22 has a capacitance of 300 nF. The control element 
24, whose structure is yet to be described, is connected in parallel with the second 
capacitor 22, i.e. in the current path of the first capacitor 20. When the control 
element 24 is transmissive, and thus bridges the second capacitor 22, the first 
capacitor 2 0 is effective for voltage smoothing with its full capacitance of 10 
.mu.F, causing a high filter effect to be achieved. When, by contrast, the control 
element 24 inhibits, then the filter effect is slight because the output voltage 
u.sub.4 is across a capacitance of only approximately 290 nF. In intermediate stages 
of the conductivity of the control element 24, capacitances that lie between the 
aforementioned values and that are partially overlaid by the impedance of the 
control element 24 are effective for voltage smoothing. 

Detailed Description Paragraph Right (5) : 
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In the alternative emBB&itnent shovm in FIG. 2, the f ir^^capacitor with 10 .mu.F 
capacitance is connected in series with the control element 24. The second capacitor 
22 with 300 nF capacitance is connected in parallel with the branch formed in this 
way. Depending on the level of conduction of the control element 24, the output 
voltage u.sub.4 is across a capacitance between 300 nF and somewhat over 10 .mu.F. 

np>t-;^ned Dpfirri pti on P;^r;:igra ph Right (6) : 

FIG. 2 shows an embodiment of the control element 24 formed by of an IGBT 34 that is 
connected into the shunt arm of a rectifier bridge formed of four diodR?^ 36. The 
gate of the IGBT 34 is connected to the control line 28. The rectifier bridge 
assures that the IGBT 34 only has to rwi t.r.h a current flow in one direction. 

Detailed Description Paragraph Right (7) : 

Two IGBTs 34 arranged with opposite polarity and each having a preceding diode are 
provided in the alternative embodiment according to FIG. 4. The IGBTs 34 are driven 
in common, i.e. the IGBTs 34 either both transmit or both inhibit depending on the 
control signal c on the control line 28. To that end, different drive signals must 
be applied to the gates of the IGBTs 34, since their emitters lie at different 
potentials. These drive signals are generated from the control signal c by a 
suitable circuit. In a further alternative embodiment based on the circuit of FIG. 
4, drive the two IGBTs 34 are separately driven in order to be able to define the 
smoothing properties of the amplifier dependent on the direction of the current. 

Detailed Description Paragraph Right (8) : 

During operation of the exemplary embodiments of the gradient ampi i f i er described 
herein, the control unit 16 generates four pulse width-modulated awi trhi ng signals 
from the reference value signal (input signal) on the input line 32, these four 
pul se width-modulated switching signals being supplied respectively to the switched 
components 18 via the switch lines 30. Further, the control unit 16 generates a 
control signal c on the control line 28. The control signal c is a binary signal in 
order to place the control element 24 in either a transmissive condition or in an 
inhibited condition. 



Detailed Description Paragraph Right (9) : 

If the output voltage u.sub.4 must rise or drop rapidly, for example given full 
modulation of the gradient amplifier, then a low capacitance of the capacitor 
assembly is set by switching the control element 24 (in the circuit according to 
FIG. 1 as well as in that according to FIG. 2) to a high- impedance condition. When 
the desired output voltage u.sub.4 is reached, the control element 24 is 
through-connected, so that the larger capacitor 20 becomes effective for voltage 
smoothing. Overall, thus, the time constant of the low-pass formed by the series 
inductance 26 and the capacitor assembly is suitably varied. 

Detailed Description Paragraph Right (11) : 

The inventors currently view the gradient amplifier according to FIG. 1 with a 
control element according to FIG. 3 and a binary control signal c to be the best way 
of implementing the invention . 

CLAIMS: /\ 

1. A power swi tohed amplifier comprising: 

a swi tched output stage which generates an output stage voltage at an output of said 
output stage ; 

filter means connected to said output of said output stage for smoothing said output 
stage voltage, said filter means having a variable filter effect which acts on said 
output stage voltage to produce an amplifier output voltage; and 

control means for generating a control signal supplied to said filter means for 
varying said filter effect dependent on a rate of change to be achieved for said 
amplifier output voltage. 

2. A power switched amplifier as claimed in claim 1 further comprising means for 
identifying when said rate of change of said amplifier output voltage exceeds a 
threshold, and wherein said control means comprises means for setting said control 
signal at a first control signal level when said rate of change of said amplifier 
output voltage exceeds said threshold, and otherwise setting said control signal to 
a second control signal level . 
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3. A power gwi trhpd amplifier comprising: 



a switched output stage which generates an output stage voltage at an output of said 
output stage ; 

filter means connected to said output of said output stage for smoothing said output 
stage voltage, said filter means having a variable filter effect which acts on said 
output stage voltage; and 

means for generating a control signal supplied to said filter means for varying said 
filter effect, said filter means comprising: a capacitance having a current path 
connected across said output voltage, and a control element in said current paths 
supplied and driven by said control signal. 

4. A power switched amplifier as claimed in claim 3 wherein said control element 
comprises an element functioning as a switrh actuatable by said control signal. 

5. A power switched amplifier as claimed in claim 3 wherein said control element 
comprises an element functioning as a resistor having a resistance controllable by 
said control signal . 

6. A power switched amplifier as claimed in claim 3 wherein said control element 
comprises a rectifier bridge formed by four diodes, and having a rectifier bridge 
shunt arm, and wherein said control element comprises an IGBT connected in said 
rectifier bridge shunt arm. 

7. A power switched amplifier as claimed in claim 3 wherein said capacitance 
comprises a capacitance which is variable by said control signal by a factor of at 
least 10. 

8. A power switched amplifier as claimed in claim 7 wherein said capacitance 
comprises a capacitor which is variable by said control signal by a factor of at 
least 30. 

9. A power switched amplifier as claimed in claim 3 wherein said capacitance 
comprises two capacitors connected in series across said output stage voltage, and 
wherein said control element is connected in parallel with one of said two 
capacitors . 

10. A power switched amplifier as claimed in claim 3 wherein said capacitance 
comprises two capacitors connected in parallel across said output stage voltage, and 
wherein one of said two capacitors is connectable and disconnectable across said 
output stage voltage by said control element . 

11. A power switched amplifier as claimed in claim 3 wherein said filter means 
further comprises an inductance connected in series with said capacitance. 
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Abstract Pa-ragraph T.f^fh (1) : 

A power amplifier has an amplifier assembly and a resonant assembly with a resonant 
capacitor and a control element. A parallel resonant circuit can be formed by the 
resonant capacitor and a load that can be connected to the amplifier. An output 
voltage or an intermediate circuit voltage of the amplifier can be applied at the 
resonance capacitor via the control element. An NMR tomography apparatus has at 
least one such power amplifier. The power amplifier can be universally used with low 
components outlay and is able to generate a number of signal forms. 

Brief Summary Paragraph Right (2) : 

The present invention is directed to a power amplifier of the type suitable for use 
in an NMR tomography apparatus, the power amplifier being of the type having a 
voltage source and a resonant assembly connected in par;g1 1 p1 with the voltage 
source, the resonant assembly including a resonant capacitor connected in aer-i rf; 
with a control element . 

Brief Summary Paragraph Right (4) : 

An NMR tomography apparatus usually has three gradient noil r in which precisely 
controlled periodic currents flow. The current behavior curve is dependent on the 
imaging method used. In a high-speed method, for example, as the EPI (echoplanar) 
method, it is particularly necessary to generate very steep and rapid consecutive 
leading and trailing edges of current. It thus can be necessary to build up and 
dismantle a current flow of 200 A in a gradient coi 1 (with an inductivity of 1 mH, 
e.g.) within time intervals of 0.5 ms . The EPI method is described in detail in 
European Application 0 076 0054. 

Brief Summary Paragr;^ph P-ighf (5) : 

To satisfy these high demands, it is known to use a resonant circuit formed of the 
grad i ent coi 1 and a capacitor. The gradient currents are sinusoidal at least in 
sections thereof. 

Brief Summary Paragraph R^gh^ (6) : 

European Application 0 22 7 411 discloses a grad-i pnt ampi -i f -iP^r of the general type 
initially described. A gradient coi 1 is arranged in a shunt arm of a circuit bridge. 
A resonant capacitor is connected in para1 1 f^l with the circuit bridge via a ?^w-i t.nh 
element. A constant voltage is applied at the circuit bridge via a diode . 

Brief Summary Paragraph Right (7) : 

U.S. Pat. No. 4,628,264 discloses a gradipnt ampl-ifif^r wherein a resonant capacitor 
and a gradient coil form a parallel resonant circuit. A switnh element or a switrh 
bridge is arranged in the resonant circuit in order to separate or change the 
polarity of the connection between the resonant capacitor and the gradient roil . 
Amplifiers which are permanently connected with the resonant capacitor are provided 
for compensating losses during the resonant oscillations. 

Brief Summary Paragraph P^gh^ (8) : 

German OS 41 2 7 52 9 discloses a gradient ampl-ifiRr wherein a resonant capacitor is 
arranged in a shunt arm of a switch bridge. The swi tnh bridge, a gradif^nt rni 1 and 
an amplifier assembly together form a serial resonant circuit. In the operation of 

the gradient amplifier, the amplifipr a.qc;pTnh1y serves to generate individual 

sections of each gradient pulse in a non- resonant fashion. 
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Brief .gumma r-y Par-P^grapTT R-i ght (9) : 

The circuits according to European Application 0 22 7 411 and the U.S. Pat. No. 
4,628,264 are able to generate only a limited number of different current profiles. 
Thus these circuits are not universally usable. Moreover, the embodiments with 
Rwi tch bridges result in a high component outlay. The circuit proposed in German OS 
41 27 529 is likewise very expensive, because another switch bridge is required in 
addition to a complete amplifier assembly, typically constructed as a Rwi trhed 
amplifier. 

Brief Nummary Paragraph P-igh^ (10) : 

It is an object of the present invention to provide a power amplifier suitable for 
use in an NME tomography apparatus which avoids the aforementioned problems 
associated with the prior art and which can by universally with a low outlay for 
components and which is able to generate a number of signal forms. 

Brief Summary Paragraph Right (11) : 

The above object is achieved in accordance with the principles of the present 
invention in a power amplif-ier. part i rnl arl y a gra<i-if^n^ amp lifipr for an MMP 
tomography apparatus, having an amplifier assembly forming a voltage source, a 
resonant assembly connected in parallel with the amplifier a.gpiprnhly forming the 
voltage source and including a resonant capacitor connected in seri en with a control-. 
element, wherein the ampi i f ier a ssemb l y and the resonant assembly operate in 
combination to generate an output voltage of the power amplifier . 

Brief Summary Paragraph P-ight (12) : 

The above object is also achieved in a power amplifier constructed in accordance 
with the invention, particularly a gradient ampTifier for an nmp tomography 
apparatus, having an intermediate circuit assembly which generates an intermediate 
circuit voltage, a resonant assembly including a resonant capacitor and a control 
element operable to connect and disconnect the resonant capacitor across the 
intermediate circuit voltage, and a switched output stage connected across the 
resonant capacitor, the switched output stage being configured to provide a switched 
output stage voltage by means of pulse-width modulation in a first mode of the power 

ampl i f i er, thi s swi t ched output stage voltage b^ing employed in the generation of 

the output voltage. The swi tr!hed output stage is also operable in a second mode of 
operation of the power amplifier to form a paral 1 e1 resonant circuit between the 
resonant capacitor and a load which can be connected to the power amplifier. 

Brief Summary Paragraph Pighl- (13) : 

A power amplifier is inventively created which is able to generate a number of 
different current forms and is particularly capable for EPI . Components are saved, 
inasmuch as the invention uses a paral lei resonant circuit at which either an output 
current or an intermediate circuit current of the amplifier assembly can be applied. 
The inventive amplifier thus can be produced particularly cost-effectively. The 
invention can be used in all types of power amplifiers. Besides gradient amplif ier^;, 
these are power amplifiers used in devices for inductive heating, in particular. 

Brief Summary Paragraph Right (14) : /\ f\ , 

As used herein the term "output voltage of the power amplifier, " means a voltage 
which can be attached to a load without intermediate circuit of other Rwi trh 
components of the power amplifier. This does not mean, however, that the output 
voltage of the amplifier would have to be directly across the load. For example, a 
number of amplifiers can be coupled and connected together to the load, or a 
filtering circuit can be provided within the amplifier or between the amplifier and 
the load. 

Brief Summary Paragraph Right (15) : 

The amplifier assembly is preferably constructed as hig h-valne power amplifier which 
is able to supply the load with a desired current in a first, non-resonant mode. 
Such an amplifier assembly generates the output current preferably by pulsfi-width 
modulation by means of a switched output stage. A second, resonant mode is 
preferably further provided in which a resonant oscillation and/or a temporary 
over-voltage occurs through resonance . 

Brief Summary Paragraph P^gh^ (17) : 

In the second, resonant mode, a parallel resonant circuit is formed between the load 
and the resonance capacitor by the insertion of a control element and/or by the 
insertion of the switch output stage. In these embodiments, in the second mode only 
the control element or only the .qw-i trhed output stage or both have the resonant 
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current flowing thereT 



Brief Summary Paragraph Pight (19) : 

The control element is preferably constructed as an electronic rwi trh which can be 
dependent or independent of the current direction. In alternative embodiments, the 
control element can act as an electronically controllable resistor. The control 
element preferably includes one or more MOSFETs (MOS-Field Effect Transi .qtnrF? ) or 
IGBTs (insulated gate bipolar trA^nsi .dtn-rc^^ and possibly one or more diodes. 

Brief .Summa-ry Paragr-ap h p-jght (20) : 

In a preferred embodiment, a filtering circuit is provided to filter the output 
voltage of the power amplifier. This is particularly the case if a 
pu l se -width-modulated signal serves to generate the output voltage in the 
non-resonant mode. The filtering circuit preferably has a filtering frequency 
(cut-off frequency) which is lower than the switch frequency of the rwi trh output 
stage by a factor of 0.5 to 0.8. For example, the filter frequency can equal 30 kHz 
given a swi tch frequency of 50 kHz. 

Brief Summary Paragr-aph Right (21) : 

In an NMR tomography apparatus, the inventive power amp1 -i f -i f^-r preferably serves as 
the power supply of a gradient coil. In preferred embodiments, in order to achieve 
particularly strong voltages or currents, amplifier arrangements are provided which 
are connected in series or in parallel at the output side and which include an ^ 
inventive power amplifier. Such an amplifier arrangement preferably further contains 
at least one amplifier means which does not have its own resonant assembly (base 
amplifier) and/or at least one optionally connectable constant -voltage source. 

Detailed Description Paragraph ^?•^gh^ (i) : 

In the power amplifier depicted in FIG. 1 which is configured as graHi^nt amplifier 
of an NMK tomography apparatus, an amplifier ac;c!P>mb1y lo serving as a voltage source 
and a resonant assembly 12 are connected in Rfigiiprtrp^ and are connected to a_gradient: 
coi 1 which forms a predominantly inductive load 14. A control unit 16 is further 
provided for controlling all the components of the power amplifier. 

Detailed Description Paragraph Pighh (3) : 

A sw i tched output stage 2 6 of the amplifier assembly 10 has four swi trh components 
28 in a bridge arrangement. The switch components 28 are constructed as power 
MOSFETS, each having a recovery diode. The switch components 28 are arranged in two 
ser i es -connected pairs, each having the intermediate circuit u.sub.2 thereacross. At 
the shunt arm of the bridge--i.e. at the respective junctions of the two awi tr-h 
components 28 in the pairs--an output u.sub.S is tapped, which serves as an input 
voltage for a filtering stage 30 of the amplifier assembly. 

Detailed Description Paragraph Pight (5) : 

The resonant assembly 12 is connected in para1 1e1 with the filtering capacitor 34 
and the load 14, so that the output voltage u.sub.A is likewise across at the 
resonant assembly 12, or is generated in a resonant mode by the resonant assembly 12 
in cooperation with the load 14 . The resonant assembly 12 contains a resonant 
capacitor 38 with a capacitance of approximately 10 .mu.F which is connected in 
sfi^ i ^s with a control element 40. The resonant capacitor 38 can be applied at the 
load 14 and separated therefrom by means of the control element 40, whose 
construction will be described. 

D etailed Description Paragraph Pighh (6) : 

The control unit 16 is connected with the four swi tnh components 28 via four 
respective lines 42 is connected to the control element 40 via a control line 44. 
The power amplifier according to FIG. 1 can function in many different modes as well 
as in one of several stages. 

D etailed Description Par^gr;^ph Pight- (7) : 

In a first, non-resonant mode the control element 40 is highly resistive, so that 
the resonant capacitor 38 is decoupled and does not exert any influence. The output 
voltage u.sub.A is generated in known fashion in that the swi tnh output stage 26 
generates a precisely controlled output stage voltage u.sub.S from the intermediate 
circuit voltage uZ by pulse-width modulation. A residual ripple is filtered out by 
the filtering stage 30, and the filtered voltage u.sub.F is across the load 14 as an 
output voltage u.sub.A. 

Detailed Description Paragrap h Pight (8) : 
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In a second, resonant mode the control element 40 rondiffr s , so that the parallf=^1 
resonant circuit formed by the resonant capacitor 38 and the load 14 is closed, and 
a sinusoidal, resonant oscillation arises. The switch components 28 of the swi trhf^H 
output stage 26 are discharged, because the actual oscillating current flows outside 
the switched output stage 26. The switched output stage 26 can assume a highly- 
resistive state if, for example, all switch components 28 are in a blocking state. 
In this case, the resonant oscillation is relatively free, and the output stage 
voltage u.sub.S is generated by the resonant circuit and not by the switched output 
stage 26. Alternatively, the two series inductances 32 can be connected to each 
other with low resistivity via the switched output stage 26, so that the resonant 
oscillation is influenced by the filtering stage 30, but not by the output voltage 
u.sub.S generated by the switched output stage 26. 

Detailed Description Paragraph Right (9) : 

Instead of a pure resonant operation, the control unit 16 can further assume a mode 
in which the resonant capacitor 38 is connected, and a mode wherein the output stage 
voltage u.sub.S generated by the switched output stage 26 influences the resonant 
oscillation. The effect of the switched output stage 26 can be variably strong. Thus 
the switched output stage 26 can be used to modify the sinusoidal current profile of 
the resonant oscillation or to compensate an attenuation of the resonant oscillation 
through losses (for example, at the ohmic resistance of the load 14 or at the. 
control element 40) . 

Detailed Description Paragraph Right (10) : 

Finally, modes are also possible in which the current flow through the load 14 is 

generated predominantly by the switched output stage 26, and the control element 4 0 

forms a larger or smaller resistance. The resonant capacitor 38 can thus be 

pre -charged to a desired voltage which cannot however exceed the output voltage 

u.siib.A. In an alternative embodiment of the circuit of FIG. 1, a divided 

pre -charging circuit can be provided for the resonant capacitor 38, with which 

circuit higher pre-charging voltages can also be generated. 

Detailed Description Paragraph Right (12) : 

The power amplifier depicted in FIG. 2 is constructed similarly to the amplifier 
according to FIG. 1, as described above. The amplifier according to FIG. 2 differs 
itself from the amplifier according to FIG. 1 in that the resonant assembly 12 is 
connected in the intermediate circuit of the amplifier assembly 10. More 
specifically, the control element 4 0 of the resonant assembly 12 is connected in the 
current path running from the intermediate circuit assembly 2 0 to the switched 
output stage 26, and the resonant capacitor 38 is connected i n par-all f^T with the 
switched output stage 26 at the input side. Thus a resonant circuit voltage u.sub.R, 
rather than the intermediate circuit voltage u.sub.Z, is directly across the 
switched output stage u.sub.R. In the circuit according to FIG. 2, the load 14 is 
connected directly to the filtering stage 3 0 at the output side without resonant 
components being connected in paral lei . 

Detailed Description Paragraph Right (13) : 

In the operation according t'6 FIG. 2, the control element 4 0 conducts in the first 
non-resonant mode. The resonant capacitor 38 is thus connected in parallel with the 
buffer capacitor 24--which is much larger (e.g. by a factor of 100) --so that the 
resonance frequency shifts into a region which can be compensated by a current 
regulator of the control assembly 16. The power amplifier then functions in the 
manner described above, whereby the oscillating current voltage uR is therein 
essentially the same as the intermediate circuit voltage uZ . 

Detailed Description Paragraph Right (14) : 

In the second, resonant mode, the control element 40 is highly resistive. The 
parallel resonant circuit formed between the resonant capacitor 38 and the load 14 
is disposed between the swi tched output stage 26 and the filtering stage 30, which 
is continuously active. 

Detailed Description Paragraph Right (15) : 

In the resonant mode the switch components 28 can be controlled by the control unit 
16 such that a connection is produced between a one terminal of the resonance 
capacitor 38 and a one output terminal 36, this connection remaining the same during 
this mode. In this case a free sinusoidal oscillation arises. It is also possible, 
however, to influence the form of oscillation by a suitable control of the switch 
components 28. The resonant circuit can be interrupted, for example, if the resonant 
capacitor 38 has reached its maximal charge and the current flow in the resonant 
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circuit is exactly zero. A current flow can likewise bWnaintained in the load 14, 
by connecting the output terminals 36 with low resistivity via the filtering stage 
30 and the swi tchftd output stage 26. 



Deta-iled DPRcription Paragr;^ph Righh (17) : 

In the amplifier according to FIG. 2, the resonant capacitor 38 can be pre-charged 
to the intermediate circuit voltage uZ in order to enable a rapid and immediate 
commencement of oscillation. In such a third mode, the control element 40 is 
through- connected and the connection between the resonant capacitor 38 and the load 
14 is interrupted by the opened switch components 28 in the swi trh^d output stage 
26. In the circuit depicted in FIG. 2, the intermediate circuit voltage can be set 
in a graduated or a continuous fashion in order to make available various 
pre-charging voltages, particularly those which differ from the intermediate circuit 
voltages uZ arising in the first mode of the power amplifier. 

Detailed Description Paragraph R-igh^ (19) : 

FIG. 3 depicts shows an embodiment of the control element 40. An IGBT is arranged in 
the shunt arm of a rectifier bridge formed from four d-iodp.c; 48. The gate of the IGBT 
46 is connected to a control terminal 50 which is connected to the control line 44 
shown in FIGS. 1 and 2. The rectifier bridge has two .qw-i t.rh terminals 52 with which 
the control element. 40 is connected . into the circuit to be switnhpd . Due to the 
rectifier bridge, it is insured that the IGBT 46 need only rwi tnh one current flow 
in one direction. 

Detailed Descri pt i nn Pa-ragra ph Right (20) : 

In the alternative embodiment of the control element according to FIG. 4, two IGBTs 
46 connected with opposite polarities are provided with respective pre-charged 
diodes 48 and respective control terminals 50. In this embodiment, the IGBTs 46 are 
jointly controlled. This means that, depending on a control signal on the control 
line 44, the IGBTs 46 always either both cnndnnr. or both block, or both have 
approximately the same resistance. To this end, different drive signals must be 
applied at the control terminals 50, since the emitters of the IGBTs 46 are at 
different potentials. These drive signals are generated by a suitable circuit from 
the control signal on the control line 44. 

Detailed Description Pa-ragra ph Right (21) : 

In another alternative embodiment based on the circuit in FIG. 4, the two IGBTs 46 
are driven separately in order to be able to define the rnndnrti vp> properties of the 
control element 40 dependent on the current direction. A power amplifier with such a 
control element 40 is able to generate an even larger bandwidth of various current 
profiles . 

Detailed Description Paragraph Right (22) : 

In the use of the control element 40 in the circuit according to FIG. 1, its 
components are dimensioned such that their voltage stability suffices to block the 
full output voltage u.sub.A in the non-resonant mode of the power amplifier, and its 
current loading capacity suffices to conduot the full resonant current in the 
resonant mode. This applies given the lise of the control element 40 in the circuit 
according to FIG. 2, accordingly. ^ 

Detailed Description Paragraph Right (23) : 

The power amplifier according to FIG. 2 with a control element according to FIG. 3 
is presently considered by the inventor as the best mode of the inventive power 
amplifier. Furthermore, the inventor presently considers an NMR tomography apparatus 
in which an inventive power amplifier and a base amplifier are connected in series 
and connected to the load 14 as the best mode of the inventive NMR tomography 
apparatus . 

CLAIMS : 

1. A power amplifier comprising: 

an amplifier assembly forming a voltage source; 

a resonant assembly connected in paral 1e1 across said amplifier assembly, said 
resonant assembly comprising a resonant capacitor and a control element connected in 
seri fic; ; and 

said amplifier assembly being operable for generating an output voltage of said 
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power amplifier in a non- resonant mode of said power ai?!fH^if ier , and said resonant 
assembly being operable for generating said output voltage of said power amplifier 
in a resonant mode of said power amplifier. 

2. A power amplifier as claimed in claim 1 wherein said amplifier assembly comprises 
a switched output stage comprising means for producing a switched output stage 
voltage by pulse-width modulation in said non-resonant mode. 

3. A power amplifier as claimed in claim 2 comprising filtering means for filtering 
said switched output stage voltage, said filtering means being active only in said 
non-resonant mode. 

4. A power amplifier as claimed in claim 2 comprising filtering means for filtering 
said switched output stage voltage, said filtering means being active only in said 
resonant mode . 

5. A power amplifier as claimed in claim 2 comprising filtering means for filtering 
said switched output stage voltage, said filtering means being active both in said 
non- resonant and resonant modes. 

7. A power amplifier as. claimed in claim 2 further comprising control means for . 
driving said control element and for driving said switched output stage . 

8. A power amplifier comprising: 

an intermediate circuit assembly which generates an intermediate circuit voltage; 

a resonant assembly comprising a resonant capacitor and a control element connected 
across said intermediate circuit voltage, said control element being operable to 
connect and disconnect said resonant capacitor across said intermediate circuit 
voltage; and 

a swi tche.d output stage connected across said resonant capacitor, sai d switched 
output stage comprising means, in a first mode, for producing a switchRd output 
stage voltage by pulse -width modulation of said intermediate circuit voltage, said 
switched output stage voltage being employed for generating an output voltage, and, 
in a second mode, for forming a paral 1 p1 resonant circuit between said resonant 
capacitor and a load. 

10. A power amplifier as claimed in claim 8 wherein said swi tchpd output stage 
comprises means for conduct i ng a resonant current in said second mode. 

13. A power amplifier as claimed in claim 8 wherein said control element comprises 
an IGBT connected in a shunt arm of a diode bridge . 

14. A power amplifier as claimed in claim 8 wherein said control element comprises 
two IGBTs connected in paral 1 f>1 with opposite polarity. 

15. A power amplifier as claimed in claim 8 comprising filtering means for filtering 
said swi tched output stage voltage, said filtering means being active only in said 
first mode. 

16. A power amplifier as claimed in claim 8 comprising filtering means for filtering 
said switched output stage voltage, said filtering means being active only in said 
second mode . 

17. A power amplifier as claimed in claim 8 comprising filtering means for filtering 
said switched output stage voltage, said filtering means being active both in said 
first and second modes. 

18. A power amplifier as claimed in claim 8 further comprising control means for 
driving said control element and for driving said swi tched output stage . 

19. A power amplifier comprising: 

an amplifier assembly forming a voltage source; 

a resonant assembly connected in paral 1 el across said amplifier assembly forming a 
voltage source, said resonant assembly comprising a resonant capacitor and a control 
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element connected in series ; 



said amplifier assembly and said resonant assembly, in combination, comprising means 
for generating an output voltage; and 

said control element being a control element selected from the group consisting of 
an IGBT connected in a shunt arm of a diode bridge, and two IGBTs connected in 
pa rail el with opposite polarity. 
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DOCUMENT- IDENTIFIER: US 5270657 A 

TITLE: Split gradient amplifier for an MRT system 



Abstract Paragraph T.pft (1) : 

A gradient amplif-ier for use in magnptic rp^nnanr-f^ imaging equipment employs a low 
voltage DC power supply connected in Fj^ri f^.g between a pair of higher voltage DC 
power supplies, the latter supplies serving to provide increased power for rapid 
grad i ent sw i tching and the former supply providing correction cnrrpnt to produce the 
desired voltage output. The high voltage DC power supplies preferably comprise 
multiple DC units which can be combined to provide finer steps of control prior to 
correction by the lower voltage supply. The low voltage DC power supply preferably 
comprise one or more linear amplifiers connected in seriRp;^ or- one or more 
sw i tchmode amplifiers connected in series . The DC power supplies are controlled in 
an open loop manner from a gradient signal that designates the desired currp^nt for 
the gradient coil and the amplifiers are operated in a closed loop responding to to 
a feedback signal from the gradi pnt nni 1 , 

Brief Summary Paragraph T^ight (1) : 

This invention relates to magnetic rR^onanrp imaging apparatus and more specifically 
to high current, gradi ent power supplies for use in such apparatus. 

Brief Summary Paragra ph Pight (2) : 

Magnetic resonance imaging ( "MRI" ) has developed as an important tool in diagnostic 
medicine. In MRI, as is understood by those skilled in the art, a body being imaged 
is held within a uniform magnetic field oriented along a Z-axis of a Cartesian 
coordinate system . 

Brief Summary Paragraph Right (3) : 

The spins of the nuclei of the body are excited into precession about the z-axis by 
means of a radio frequency (RF) pulse. The decaying precession of these excited 
spins produces a nuclear magnetic resonance (NMR) signal whose ampi i tnde is 
dependant, among other factors, on the number of precessing nuclei per volume within 
the imaged body. This number of spins is termed the " spin /density" . 

Brief Summary Paragraph Right (4) : 

An image of the spin density, or other characteristics revealed by the nmr signal, 
may be produced by impressing precisely controlled magnetic gradi <^nt fields G.sub.x, 
G.sub.y, and G.sub.z along the X, Y and Z axes. These gradi pnt fields, created by 
grad i ent coi 1 s driven by a gradient amplifier system, encode position information 
into the NMR signals through phase and frequency shifting of thp, nmt? signal for 
spins in different locations. 

Brief Summary Paragrap h Right (5) : 

Referring to FIG. 1, a typical "spin echo" puLgp Rp^gnf^rirp for acquiring data under 
the spin warp MRX technique includes: 1) a Z-axis gradi Rnt G.sub.z activated during 
a f i rst 90. degree. RF pul se to select the image slice in the Z-axis, 2) a Y-axis 
gradi ent field G.sub.y to phase encode the precessing nuclear spins in the y 
direction, and 3) an X-axis gradient G.sub.x activated during the acquisition of the 
NMR signal to frequency encode the precessing nuclear spins in the x direction. Two 
such NMR acquisitions, S.sub.l and S.sub.l the latter inverted and summed with 
the f i rst , comprise the NMR signal of a single view "A" under this sequence. Note 
that the y gradient field G.sub.y changes between view "A" and subsequent view "B" . 
This pulse sequence is described in detail in U.S. Pat. No. 4,443,760, entitled: 
"Use of Phase Alternated RF Pulses to Eliminate Effects of Spurious Free Induction 
Decay Caused by Imperfect 180 Degree RF PuLgp^ -in nmp imaging", and issued Apr. 



1 of 16 



06/12/2002 7:34 A? 





17,1984, assigned to tSe same assignee as the present S^ention and incorporated by 
reference . 

Brief SuTnmary Paragraph Pight (6) : 

A set of NMR signals comprised of many views may be "reconstructed" to produce an 
image of a single slice of an imaged object according to well understood techniques. 
Multiple slices are needed to generate information over thr^e dimensions of the 
imaged object. 

Rr-ief Summary Paragraph Right (7) : 

The speed with which slice images may be obtained is limited, to a large extent, by 
the speed with which the grad-i pnt fields may be changed. The gradie^nt cni 1 r are 
substantially inductive loads and hence obtaining higher speed switching nf th^ 
grarjj ent fields requires amplifiers capable of producing correspondingly higher 
voltages, often on the order of 2,000 volts. These higher voltages, together with 
the high currents required by the gradient coi 1 s (of 200 Amperes or more) , demand 
ampl if iers capable of extremely high power output. 

Brief Summary Paragraph Right (8) : 

The gradient amplifiers must also be capable of accurate control of the gradient 
current delivered to the gradient colls and should allow the maximum possible 
flexibility in the generation of gradient waveforms of arbitrary shape for present 
and future imaging techniques. For this reason, high powered linear amplifiers are 
most commonly used. 

Brief Summary Paragraph R^gh^ (9) : 

Previously, the power supply for a gradient coil utilized a single voltage inverter. 
Because of the relatively high voltages being switched, the single inverter had to 
use transistors capable of handling such voltages. It is desirable to be able to 
switch the high voltage with lower rated transistor;^ . 

Brief Summary Paragraph Right (10) : 

This invention relates to a gradient amplifier system in which DC power supplies are 
connected in tandem with conventional linear gradie^nt amplifiers to boost the 
effective gradient power to the gradient roilR . 

Brief Summary Paragraph Right (11) : 

Specifically, a DC power supply receiving a gradif^nf signal has an output connected 
to the gradient coil for generating a f i rst voltage component, selectable from a 
discontinuous range of output voltages, and approximating a desired magnetic 
gradi ent field. A feedback sensor is connected to the gradif^nt coil for producing a 
feedback signal which is used to control an amplifoex. The amplifier has an output 
also connected to the gradient coil for generating in the gradient roil a second 
voltage component, but within another continuous range of output voltages. The 
feedback signal and the gradient signal are used by the amplifier to adjust the 
second voltage component so that the sum of the first and Rprond voltage components 
provides the desired magnetic gradient field. 



Brief Summary Paragraph Right (12) : 

It is thus one object of the invention to obtain the power efficiency and simplicity 
of using a DC source to drive a gradient coi 1 , while still maintaining the ability 
to precisely generate arbitrary waveforms. DC power supplies may employ relatively 
simple construction or may operate with extremely low power dissipation. The 
amplifier serves to "fill in" the stepped output of the DC power supply to provide 
effective linear control. The correction provided by the amplifier permits the DC 
power supplies to have relatively little internal regulation. In fact, the DC power 
supplies may be no more than charged capacitors, provided the amplifier has the 
range to compensate for their varying output. 

Brief Summary Paragraph Right (13) : 

It is another object of the invention to take advantage of the intermittent power 
demands of gradient coils. The DC power supplies provide power for peak demand and 
may accumulate energy in storage capacitors or the like, at other times to thus 
require lower powered components. 

Brief Surmnary Paragra ph Right (14) : 

In one embodiment, the DC power supply may be constructed of multiple DC sources, 
each source providing an incremental voltage to the gradient coi If; together to offer 
several output voltage levels. The val ue<q of the voltages from each DC source may 



stand in binary relatronship with the voltages of the c^her sources. The gratii pnh 
current is, in either case, generated by sw-i trhi ng the appropriate combination of DC 
sources together . 



R-r-ifif Summary Paragraph Right (15) : 

It is thus another object of the invention to provide a plurality of DC sources that 
may, together, better approximate the voltage needed to generate the desired 
gradient current, thereby allowing the amplifier to be correspondingly reduced in 
power output . 

Br-if^f Summary Paragraph Pight (16) : 

In one embodiment the DC power supplies may include large storage capacitors capable 
of receiving energy from the inductive gradient nni 1 a whpn the gradient field is 
reduced . 

Rrief Summary Paragra ph Right (17) : 

It is another object of the invention, therefore, to take advantage of the 
inductive, energy storing nature of the gradient mile; . The peak power demanded of 
the graHif^ nt amplifiers is during periods when the gradient strength must be 
changed. In these periods, energy is added to or subtracted from the energy stored 
in the gradient rnilR . The use of capacitors in the output of the DC power supplies 
allows this stored energy to be recaptured from the gradif^nt coilp; during periods 
when the gradient rnil strength is being reduced and added again during periods when 
the gradi f^nt signal is being increased. 

Brief Summary Paragraph Right (18) : 

Not all energy may be successfully recaptured from the gradif^nt coilR by the storage 
capacitors. Therefore, they soon need supplemental recharging. 

Brief Summary Paragraph Right (19) : 

In a further embodiment, the storage capacitors may be recharged by the amplifier 
during the changing of the gradi f^nt level. A capacitor reference voltage is used to 
indicate a desired peak capacitor voltage corresponding to a first gradient rurrf^nt 
flow. A sample of the peak voltage on the capacitor is used to produce a peak 
voltage signal which together with the reference voltage generates an error signal. 
The error signal produces a current to add to the first and sprond r-nrrf^nts in thp^ 
gradient coil, to move the peak capacitor voltage toward the value of the reference 
voltage . 

Brief Summary Paragraph Right (21) : 

Other objects and advantages besides those discussed above shall be apparent to 
those experienced in the art from the description of a preferred embodiment of the 
invention which follows. In the description, reference is made to the accompanying 
drawings, which form a part hereof, and which illustrate one example of the 
invention. Such example, however, is not exhaustive of the various alternative forms 
of the invention, and therefore reference is made to the claims which follow the 
description /fpr determining the scope of the invention. 

Drawing Description Paragraph Right (1) : 

FIG. 1 is a graphical representation of an MRT puisp spquf^nr-f> showing gradi Rnt field 
waveforms G.sub.x, G.sub.y, and G.sub.z ; 

Drawing Description Paragraph Right (2) : 

FIG. 2 is a block diagram of an MRI apparatus incorporating the amplifiers of the 
present invention; 

Drawing Description Paragrap h Right (3) : 

FIG. 3 lied block diagram of on^ of thf^ gra dient amplifiprs of FIG. 2 showing the 
interconnections between amplifiers and DC power supplies; 

Drawing Description Paragraph Right (4) : 

FIG. 4 is a schematic diagram of a first embodiment of the DC power supplies of FIG. 
3, showing the positioning of an energy storage capacitor bank; 

Drawing Description Paragraph Right (5) : 

FIG. 5 is a block diagram of a controller for switching the DC power supply of FIG. 
4 in response to a gradient signal; 

Drawing Description Paragraph Right (7) : 
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FIG. 7(a) is a graph or a hypothetical grad-i pr^^ signal ^nput to the grad-i pnt- 
amplif ifir of FIG. 4; 



Drawing Df^c^rri pt i on Paragraph Right (8) : 

FIG. 7(b) is a graph of the derivative of the gradient signal of Figure 7(a) such as 
is used to control the DC power supply of FIG. ^; 

Drawing Dec;rription Paragraph Right (9) : 

FIG. 7(c) is a graph of the voltage on the capacitor bank of the DC power supply of 
FIG. 4 for the gradient signal of FIG. 7(a); 

Drawing DeRcriptinn Paragraph Right (10) : 

FIG. 7(d) is a graph of a riirr^nt correction signal used to restore the charge of 
the capacitor bank of the DC power supply of FIG. 4 caused by resistive or other 
losses ; 

Drawing Description Paragraph Right (11) : 

FIG. 7(e) is a graph of the gradient coil rnrrent produced by the gradi f^nt signal of 
FIG. 7(a) and the correction mirr^nt of FIG. 7(d); 

Drawing Description Paragraph Right (12) : „. . 

FIG. 8 is a schematic diagram of a serond embodiment of the DC power supplies of 

FIG. 3, showing the use of multiple DC sources having binary weighted outputs; 

Drawing DftHcription Paragraph Right (13) : 

FIG. 9 is a block diagram of a controller for switching the DC power supply of FIG. 
8 in response to a gradient signal; 

Drawing Description Paragraph Right (14) : 

FIG. 10 is a simplified block diagram of another gradient amplifier according to the 
present invention; 

Drawing Description Paragraph Right (15) : 

FIG. 11 is a simplified block diagram of a gradient amplifier which incorporates a 
pair of switchmode amplifiers as the low voltage supplies; 

Drawing Description Paragraph Right (16) : 

FIG. 12 is a simplified block diagram of a gradi pn^ amplifier which has a single 
switchmode. amplifier; and 

Drawing Description Paragraph Right (17) : 

FIG. 13 is a block schematic diagram of a gradient amplifier which utilizes four 
high voltage power supplies. 

Detailed Description Paragraph Right (1) : 

Referring to FIG. 2, the RF and gradient field signals used in MRI pulse sequences, 
such as that shown previously in FIG. 1 for spin warp imaging, are generated by a 
pulse control module 12 which synthesizes properly timed pulse seguRnnps under the 
control of a computer 10 . 

Detailed Df^scription Paragraph Right (2) : 

The pulsR control module 12 communicates by means of a digital signal 2 0 to a 
gradient waveform preprocessor 14 which converts the digital signal into three 
analog gradient signals 16, one for eaoh gradi pnt axis. The analog gradi pnt signals 
16 are communicated to a set of threp identical gradient amplifier systems 42 each 
connected to a gradient roil within assembly 23 to produce the gradient fields 
G.sub.x, G.sub.y, and G.sub.z as described above. 

Detailed Description Paragraph Right (3) : 

Each gradient coil in assembly 23 consists of a number of turns of a copper 

conductor and is arranged in proximity to a patient 18 in the magnet assemhl y 40. 
The magnet assembly 4 0 also contains the superconducting magnet for producing the 
polarizing field B.sub.O as is generally described in U.S. Pat. No. 4,737,716 
entitled: "Self -Shielded Gradient Coils For Nuclear Magnetic ResonanoR Imaging" 
issued Aug. 12, 1988, assigned to the same assignee as the present invention and 
incorporated herein by reference. 

Detailed Description Paragraph Right (4) : 

The pnlsp control module 12 also controls a radio frequency synthesizer 32, which is 
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part of an RF transc^l^r, port-jonFi of which are enclo^fc by block 31. The pul hp 

control module 12 additionally controls an RF modulator 30 which modulates the 
output of the radio frequency synthesizer 32. The resultant RF signals, amplified by 
power amplifier 28 and applied to RF coil 24 through transmit/receive rwi tr.h 26, are 
used to excite the nuclear spins of the imaged patient 18 . 

nptailed Dfisn ription Paragraph Righh (5) : 

The NME signals from the excited nuclei are picked up by the RF coil 24 in the 
magnet assembly 40 and presented to preamplifier 38 through transmit/receive qwi tnh 
26, to be amplified and then processed by a quadrature pha.qp detector 36. The 
detected signals are digitized by a high speed A/D converter 34 and applied to 
computer 10 for processing to produce images of the patient 18. 

Df^t-ailed Desnri pt -i nn Paragra ph P-igh^ (6) : 

Referring now to FIGS. 2 and 3, each gradient- ampl-ifif^r 42, associated with a 
particular gradient cnl 1 22 within assembly 23 for the thrRf^ gradif^nh axes Gx, Gy 
and Gz, includes a series connected chain of two linear ampi i f -i F^r^ 44 and two DC 
power supplies 46. This series connected chain is, in turn, connected across a 
gradient coil 22 to provide power to that coil . Each linear amplifier 44 provides a 
voltage output that is a simple multiplicative scaling of an analog signal at its 
input 43. Further, the output of the linear-amplifier 44 is substantially 
continuous, that is, the output is not subject to movement in discrete steps but is 
controllable, by the signals at its input 43, to an arbitrary valup* within the 
output range of the linear amplifier. Each linear amplifier 44 is designed in bridge 
configuration to have a "floating output". That is, it produces an output voltage 
defined with respect to two terminals neither of which is referenced to a ground 
that is common with the other circuit elements of the gradient amplifif^r 42. The 
floating output allows the voltage output of the linear amplifier 44 to be added to 
other voltage sources simply by connecting it in sf^r-i f^.q with such other sources. 
Linear amplifiers 42 are known in the art and are described in U.S. Pat. No. 
3,808,545 entitled: "High Power Bridge Audio Amplifier" which description is 
incorporated herein by reference. 

Detailed Descr-i pt -i on P aragraph R-igh^ (7) : 

The DC power supplies 46, as will be described in more detail below, provide only 
discrete steps of output voltage and thus may be contrasted to the linear amplifiers 
44 by the fact that their outputs are not a continuous function of an input valup , 
In a simplest embodiment, the DC power supplies 46 are capable of only thrpf^ voltage 
outputs: zero volts and a predetermined voltage of either of two polarities. 

Detailed Description Paragrap h P^gh^ (8) : 

Like the linear amplifiers 44, the DC power supplies 46 have floating outputs 
producing voltages defined between firc;t a nd cj^ronH output terminal 45 and 47 
respectively. The DC power supplies 46 do not have inputs, in the sense of the 
linear amplifiers 44, but receive an activation and polarity signal which determines 
the polarity of the output voltage produced across the terminals 45 and 47 of the DC 
power supply 46, or, in one embodiment to.be described below, selects from oneAof 
several discrete output voltage vaTups . '] '\ 

Detailed Description Paragraph Right (9) : 

As mentioned, the two linear ampi i f iers 44 and the pair of DC power supplies 46 are 
connected in series across the gradient ooi 1 22. The linear ampi i f i p>r^ 44 and DC 
power supplies 46 are also paired symmetrically about a ground point 48 so as to 
drive the gradient coil 22 symmetrically about that ground point 48. This 
arrangement serves to minimize the voltage swing between any part of the gradient 
C£i±l 22 and the ground, during the driving of the gradif^nt roil 22, and thus reduces 
the effects of capacitive coupling between the gradipnt roil 22 and objects such as 
the patient 18 or the superconducting magnet which are at fixed voltage with respect 
to ground. Each DC power supply 46 receives the same input 43 and each linear 
amplifier 44 receives the same activation and polarity signal to provide this 
symmetry. 

Detailed Description Paragraph Right (10) : 

A current sensing resistor 50 is inserted in spri f-f^ between onp linear ampi i f i pr 44 
and the ground point 48 to provide a voltage drop indicative of the rurrpnt flow 
through the series connected DC power supplies 46, linear ampi i fi Pr.g 44 ancLgxadijent 
crrLL 22. The value of resistor 50 is sufficiently low so as not to substantially 
effect the symmetrical application of voltage to the gradipnt roil 22 as described 
above. The purpose of the current sensing resistor 50 is to provide an indication on 
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line 56 of the actual^^iadifint: field produced. As such^^t will be understood to 
those of ordinary skill in the art that other rnrrent sensors may be used including 
those from Hall effect transducers or DC transformers. 



nPh^^-ilpH Dfagrript-i nn Paragraph Pighf (11) : 

The series connection of the DC power supplies 46 and the linear amplifiers 44, as 
described above, combines the advantages of each power source. The linear amplifierpi 
44 provide accurate and continuous regulation of the current through the graHi f^nt 
roil 22, particularly needed during the periods of collection of the NMR data, while 
the DC power supplies provide a relatively inexpensive and reliable source of high 
voltage necessary to rapidly switch the gradient currents against the inductive load 
of the gradient roil 22. The linear amplifiers 44 serve to "fill-in" for voltage 
values between those provided by the DC power supplies 46 and to effectively 
regulate the combined voltage as will be described below. 

Detailed Description Paragraph Right (12) : 

The coordination of the DC power supplies 4 6 and the linear amplifiers 44 is 
provided by the combined action of an open- loop DC controller 52 and closed- loop 
current feedback employing summing node 54 . The analog gradient signal 16 , 
reflecting the desired current through gradient coil 22 is received both by the DC 
controller 52 and the summing node 54. As will be described in more detail below, . . 
based on the gradient signal 16, the DC controller 52 controls the polarity and 
discrete voltage of the DC power supplies 46 to provide an approximation of the 
necessary voltage needed to drive the required current through the gradient coil . 

Detailed Description Paragraph Right (13) : 

A current feedback signal 56 derived from the current sensing resistor 50 is 
subtracted from the same gradi ent signal 16 to produce an error signal 58 according 
to conventional feedback control. This error signal 58 represents the difference 
between the current Ig through the gradient coil 22 and the desired current as 
indicated by the gradient signal 16. This error signal 58, after passing through 
gain block 59, is input to the linear amplifiers 44. The gain block provides the 
necessary signal amplification and compensation to satisfy amplifier stability 
criteria such as are understood in the art. The linear ampi i f iers 44 provide a 
voltage output supplementing that of the DC power supplies 46 and modifying the 
current flow through the gradient coil 22 to reduce the error signal 58 to zero. The 
error signal 58 thus brings the current Ig through the gradi e^nt coil to thp dRsirf^d 
value reflected in the gradient signal 16. 

Detailed Description Paragraph Right (14) : 

Thus, the DC power supplies 46 are controlled directly by the gradient signal 16 
without regard to the actual current flowing through the gradient coil 22, and the 
line^ar amplifiers 4 4 are controlled by the actual current flowing through the 
gradient coils 22 to make up whatever difference is required to bring that current 
to the proper level. The linear amplifiers 44 sense the gradient coil current 
through feedback resistor 50. 

Detailed Description Paragraph Kight (15) : 

In order that the two sources of gradient power, the DC power supplies 4 6 and the 
amplifiers 44, operate effectively together, the unit of voltage which may be 
applied to the gradient coil 22 by each DC power supply 46 is limited to a value 
less than the maximum output voltage of the linear ampl i f i er 44 . This ensures that 
the combination of the linear amplifiers 44 and the DC power supplies 46 can provide 
a continuously varying controlled voltage anywhere within a range from zero volts to 
a maximum equal to the sum of the maximum output voltages of the linear amplifiers 
44 and DC power supplies 46. 

Detailed Description Paragraph Right (16) : 

Referring now to FIGS. 3 and 4, in a first embodiment, each DC power supply 46 
includes a capacitor bank 64 which is precharged to a capacitor standby voltage by a 
low powered charger (not shown) measured between a positive terminal 63 and negative 
terminal 65. This capacitor bank 64 is connected, through a switching network 66 to 
the first and second terminals 45 and 47 of the DC power supply 46. 

Detailed Description Paragraph Right (17) : 

The switching network 66 includes £Qur power transistors 71, 72, 73 and 74, such as 
N- channel IGBT type devices, which are arranged to connect the capacitor bank 64 in 
series with the gradient coil 22 in either of two polarities, i.e. so that the first 
terminal 4 5 of the DC power supply 46 is either: 1) more positive than the second 
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terminal 47 (the "pos^n.ve polarity") or 2) more negati^ than the^aecond terminal 
(the "negative polarity") . The t-rangi cl^o^rc^ 71-74 of t-hp Rwitrhing network 66 may 
also be controlled so as to disconnect the capacitor bank 64 from the gradient ro-i 1 
22 and to connect together the fi-rgt a nd c;prnnd terminals 45 and 4 7 of the DC power 
supply 46, producing zero output voltage (the "shorted" state) . 

Df^failpd DfiHcription Paragraph T?-igh^ (18) : 

In the network, transi stors 71 and 72 are connected across the capacitor bank 64, 
with the collector of transistor- 71 connected to the positive tern-Linal 63 of the 
capacitor bank 64 and its emitter connected to the collector of transistor 72 and to 
the first terminal 45 of the DC power supply output 46. The emitter of transistor 72 
is then connected to the negative terminal 65 of the capacitor bank 64. Likewise 
transistors 73 and 74 are also connected in series across the capacitor bank 64, 
with the collector of transistor of 74 connected to the more positive terminal 63 of 
the capacitor bank 64 and its emitter connected to the Rprnnd terminal 47 of the DC 
power supply 46 and to the collector of f ranc;-! or 73. The emitter of tranR-i f^tmr 73 
is in turn connected to the negative terminal 65 of the capacitor bank 64. 

Detailed Description Paragraph Right (19) : 

Each of transistors 71-74 has a diode 76 arranged to conduct curre^nt. from the 
emitter of each transi stor to its collector. It will be understood from this 
description that these diodes 76 thus form a full wave rectifier bridge, each leg of 
the bridge having one transistor 71-74 bridging that leg. 

Detailed Description Paragraph Right (20) : 

The base of each transistor 71-74 may be biased "ON" or "OFF" to produce the 
negative polarity, positive polarity and shorted states described above. This 
biasing is shown in Table I where the letters W, X, Y and Z identify the bases of 
t.ransistorR 71-74 respectively. 

Detailed Dec;r:ri pf i on Paragraph T^ighf (21) : 

Thus, the switching network 66 allows the voltage of the capacitor bank 64 to be 
selectively applied to the gradient coi 1 22 to augment the voltage produced by the 
linear amplifiers 44. The transistors 71 through 74 operating largely either in a 
fully on or fully off state, consume little power (as opposed to the transistors of 
the linear ampi i f i era 44) and hence preserve the natural efficiency of the DC power 
supplies 46 in delivering power to the gradient coil 22. 

Detailed DeRori phi on Paragra ph Right (22) : 

Referring now to FIGS. 3, 4 and 5, the DC power supplies 46 of FIG. 4 are controlled 
by a DC controller 52 which produces the activation and polarity signals 49 made up 
of base driving signals for transistors 71 through 74 as detailed in Table I. 

Detailed Description Paragraph Pight (23) : 

The DC controller 52 employs a differentiator 78, which receives the analog gradi ent 
signal 16 (indicating the desired current through gradient r-o-i 1 22) and takes its 
derivative with respect to time. This derivative is multiplied by the impedance of 
'\ the gradient coil 22 to produce ari accelerating voltage 80 representing^ the voltage 
that would have to be applied to the gradient coil 22 to achieve the change in 
current through the gradient coil 22 dictated by the gradient signal 16. It will be 
understood that although the gradient c o i l 22 is modeled above as a simple 
inductance, that more complex models may readily be employed, such models including 
resistive and capacitive effects, the frequency dependance of the impedance, and 
capacitive and inductive coupling between the gradient coil 22 and the patient and 
magnet structure. 

Detailed Description Paragraph Right (24) : 

This accelerating voltage 80 is received by a tMQ-step comparator 82 which produces 
a positive polarity signal 84 if voltage 80 is greater than or equal to the total 
precharged voltage of capacitor bank 64 times the number of DC power supplies 46. 
The two step comparator produces a negative polarity signal 86 if voltage va1ne 8 0 
is less than or equal to the negative of the total precharged voltage of capacitor 
bank 64 times the number of DC power supplies 46. For other voltages 80, the two 
step comparator 82 produces neither signal 84 or 86 which indicates a shorted 
condition of the DC power supply 46 is desired. 

Detailed Description Paragraph Pight (25) : 

Switch logic 83 next interprets the positive and negative polarity signals 84 and 86 
into base driving signals for transi .qto-rc; 71 through 74, of the swi tohi ng networks 
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66, according to Tabl^^. These base driving signals a^^the activation and polarity- 
signals 49. 

Detailed npc-rri ption Par;^gTaph P^igh^ (26) : 

Thus, if the required voltage across the gradient cni 1 22 is at least as great as 
the precharge voltage which is provided (initially) by the DC power supplies 46, the 
DC power supplies 46 are connected to the gradienj- mil 22. Incremental voltages 
greater or less than the precharged voltage of the capacitor bank are provided by 
the linear amplifiers 44. 

Detailed Description Paragraph Right (27) : 

The capacitor bank 64 may both source and sink current tn and from the- gr3H^f^n^ rn-i 1 
22 so that at the conclusions of a gradient excitation, i.e., when the rnrrf^nt 
through the gradi ent coi 1 22 is zero, the precharge voltage on the capacitor bank 64 
is largely undiminished. The condition that the precharge voltage is undiminished 
strictly requires that the magnitude of the slope of the change in the gradi fin^ 
current be constant for changes in the gradient field. Even under these conditions, 
some diminution of charge occurs, however, because of the resistive component of the 
gradient coil 22 and other loss elements. Accordingly, the charge on the capacitor 
bank 64 must be augmented by some recharging of the bank from an external source. 
This external source may be a separate power supply,, however, preferably,. -and if the 
DC power supply 46 is not sufficient alone to provide the change in grad^ Rnt 
current , the linear amplifiers 44 are used. Restoration of the charge on capacitor 
bank 64, permits the assumption of a constant precharge voltage implicit in the 
calculation performed by the_tMQ step comparator 82 in deciding whether to swi t.nh 
the DC power supplies 46 into the circuit or not. 

Detailed Description Paragr;^ ph Right (28) : 

Referring to FIG. 7(a) a gradi ent signal 16 may be divided into periods of constant 
grad i ent strength (hence constant current) A, D, and G and periods of transition or 
changing gradient strength B/C, and E/F. The derivative of the g-r^di f^nh signal 16, 
as produced by the differentiator 78 of FIG. 5, produces a voltage signal 80, shown 
in FIG. 7(b). The voltage signal 80 is related to the gr^^dipnt signals 16, by having 
a va l ue of zero for the constant periods A, D, and G and a finite m;^gni tudp for the 
transition periods BIC, and E/F. If the value of the voltage 80 during transition 
periods B/C, and E/F is sufficient, the DC controller 52 will connect the capacitor 
bank 64 to the gradient noi 1 22 . 

Detailed Description Par;^gi-a ph Right (29) : 

Referring to FIG. 7(c), the voltage Vc on the capacitor bank 64, when it is 
connected to the gradient coi 1 22 at the start of a transition in periods B or E, 
rises toward the capacitor precharge voltage V.sub.p as the capacitor bank 64 is 
connected to oppose the voltage of the gradi ^rr h roil 22 and receives riirrpnt from 
the grad i ent coil 22. The voltage Vc on the capacitor bank 64 then peaks at points 
88 as the current through the gradient roil 22 reaches zero (the energy of the 
grad i ent coi 1 having been effectively transferred to the capacitor bank 64) and then 
begins to fall again as the current through thf^ ^ gr^di f^nt roil 22 reverses direction a 
and chargeMis drained from the capacitor bank 64^ in periods C and F. The DC power M 
supply 46 is then shunted so that the output voltage 91 drops to zero, however the 
voltage Vc on the capacitor bank 64 simply remains constant at a standby level. The 
difference in voltage between the capacitor precharge value Vp and the peak voltage 
at point 88, when gradient current is zero, represents the loss of charge in the 
capacitor bank 64 due to resistance of the gradi f^nt roil 22 and other loss 
mechanisms. This loss may be corrected, provided the voltage of the DC power supply 
is sufficient to handle the changes in gradi p^nt filed, by the linear ampi i f i f^r.g 44 
by providing them with a correction signal 90, shown in FIG. 7(d) during the 
transition periods B/C, and E/F. 

Detailed Description Paragraph Right (30) : 

The correction signal 90 is summed to the error onrrent 58 prior to it being 
received by the inputs 43 of the linear amplifiers 44 so that the voltage Vc on the 
capacitor bank 64 rises faster or slower during period B or E than it falls during 
periods C or F. 

Detailed Description Paragraph Right (31) : 

Specifically, the correction signal 90 comprises a triangle wave having a varying 
ampl i tucie dependent on the difference between the precharge voltage Vp and the peak 
voltage at points 88 during the most recent transition between periods B and C, or E 
and F. 
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Df^tailed Dfii^rri pfion Paragraph Right (32) : 

Referring to FIGS. 7(d) and 7(e), the correction signal 90, when summed with the 
error signal 58 alters actual gradient current Ig during the transition periods B/C, 
and E/F slightly, modifying the gradient current Ig from that dictated by the 
gradient signal 16. Nevertheless, it has been determined that this slight 
modification of the gradient waveform during transition periods B/C and E/F is 
acceptable in its effect on the fidelity of the produced NMR image and of no effect 
for many imaging techniques where NMR data is only taken during periods of constant 
gr;^riient value A, D and G. 

nf:^t;:^i1pd Dp^Rrriptinn Paragra ph Right (33) : 

Referring again to FIG. 7(c), as the peak voltage at point 88 approaches the desired 
precharge voltage Vp of the capacitor bank 64, the triangle wave of the correction 
signal 90 decreases in amplitude so that the capacitor peak voltage 88 
asymptotically approaches the desired precharge voltage Vp. 

Detailed Description Paragraph Right (34) : 

The capacitor precharge voltage Vp, as mentioned, affects the proper switching point 
of the DC power supplies 46 into the circuit as controlled by the two step 
comparator 82. Nevertheless, the .inherent correction action of the feedback loop of., 
linear amplifiers 44 reduces the importance of precisely regulating the capacitor 
peak voltage to equal the desired precharge voltage Vp. 

Detailed Description Paragraph Right (35) : 

Referring to FIG. 6, the correction signal 90 is produced by a triangle generator 92 
generating the above described triangular waveform during transition periods B/C, 
and E/F. The capacitor voltage Vc on line 89 is sampled during the transition times 
of the gradient cnrrpnt Ig and compared to a reference supply 99 indicating the 
desired level of the capacitor precharge voltage Vp. The zero crossing signal 97 
also provides polarity information to the triangle generator 92 to produce the 
proper polarity of triangle wave to correspond to the gradi ent signal 16 as shown in 
FIG. 7 (a) and (d) . 

Detailed Description Paragraph Right (37) : 

Referring now to FIG. 8, in a second embodiment, the capacitor bank 64 is replaced 
with three series connected DC sources 94, 96 and 98 together to provide a voltage 
across terminals 63 ' and 64 ' , where terminal 63 ' is the more positive terminal of 
the two. Each DC source 94-98 provides either a positive voltage weighted according 
to a binary weighting scheme or a shorted state of zero voltage. In the shorted 
state, the DC voltages 94-98 present a zero resistance across their terminals to 
transmit the voltage of the other series connected sources. Thus, combinations of 
the DC sources 94-98 either at their positive voltage values or shorted may produce 
a range of equally stepped voltages from zero to the sum of their positive voltages. 
The DC sources 94-98 are conventional " four quadrant" floating power supplies having 
transistors which disconnect their outputs from power and short those output when 
they are in the shorted state. 

Detailed Description Paragraph Right (38) : 

The weighting of the DC sources 94-98 is such that the voltage of DC source 96 is 
twice that of DC source 94 and the voltage of DC source 98 is four times that of the 
DC source 94. The DC power supply 46 may thus produce not one but eight equally 
spaced discrete voltage levels and, by means of switching network 66, two 
polarities. Nevertheless, the DC power supply 46 using the DC sources 94-98 still 
produces a discontinuous output which must be corrected to conform to the precise 
gradient signal 16 by the linear ampli f i prs 44. 

Detailed Description Paragraph Right (39) : 

Referring to FIG. 9, the control of the DC sources 94-98 of FIG. 8 is accomplished 
by a modified DC controller 52 receiving the analog gradi F^nt signal 16. The gradi Rnt 
signal 16 is again differentiated by differentiator 78 and multiplied by the 
inductance of the gradi p^nt roil 22 to produce an accelerating voltage 80. 

Detailed Description Paragra ph Right (40) : 

The voltage 80, which is equal to the voltage that must be applied across the 
gradient coil 22 to achieve the desired gradient current, is received by a three bit 
analog-to-digital converter 100. The analog-to-digital converter 100 converts the 
voltage 8 0 into a three bit digital word 102, onp bit of which controls each of the 
DC sources 94-98. Specifically, one bit of the thrp^p bit word 102 is connected to 
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one of the tihree DC sofffces 94-98 with the most signif^ant bit of the hbrpp bit 
word 102 controlling DC source 98. Each DC source 94-98 provides a shunted zero volt 
output when corresponding bit of word 102 is in the "false" state and a positive 
voltage output when the corresponding bit of word 102 is in the "true" state. 

r)pr;^-i1firl npcirriptinn Paragra ph Pighl- (41) : 

The analog-to-digital converter 100 also produces polarity signals 84 and 85 to 
control the switching network 66, and indicating whether the voltage 80 is greater 
than or less than zero volts. Such polarity signals driving switrh logic 83, as 
before, to control the switrhi ng network 66 of the DC power supply 46. 

Detailed Description Paragraph Pight- (42) : 

FIG. 10 shows another embodiment of a grad-jpnt amplif-tRr system 42 similar to that 
shown in FIG. 3 except the latter embodiment utilizes a single linear amplifier 44 
having its outputs connects directly to each of the DC power supplies 46. In that 
embodiment, the rnrrent. sensing resistor 50 has been . eliminated and the current. 
feedback signal 56 is produced by a high voltage current sensor 110 connected in 
series with the gradient rn-i 1 22 . 

neta-iled Desn riptinn Paragraph Right (43) : 

In other embodiments, the linear amplifiers 44 can be replaced by one or two 
swi tchmodft amplifiers operating at a relatively high awi trhing frequency. For 
example, the DC power supplies 46 operate at a frequency of one KHz and the 
switchmode amplifiers operate at 500 KHz so that ripples of his frequency do not 
interfere with the high speed sampling of the MR I signals emitted by object 18. 

Detailed Description Paragraph Right (44) : 

FIG. 11 shows one such embodiment of the gradient amplifier system 42 which utilizes 
a pair of switchmode amplifiers 112 connected in series between the two high voltage 
DC power supplies 46, in place of the two linear ampT i f ier<q 44 in the embodiment of 
FIG. 3. Each of the switchmode amplifiers 112 has a structure similar to that of 
each of the high voltage DC power supplies 4 6 described previously. The version of 
the switchmode amplifiers 112 illustrated in FIG. 11 represents the simplest 
embodiment in that the amplifiers 112 are capable of only three voltage outputs: 
zero volts and a predetermined voltage of either of two polarities. The selection of 
the voltage output from the switchmode amplifiers 112 is determined by four binary 
switching signals on bus 114 which are similar to the binary signals applied to the 
bases W-Z of the tranai stnrR in each of the high voltage DC power supplies 46, as 
described above . 

Detailed Description Paragraph Right (45) : 

Each of the switchmode amplifiers 112 includes a switching network having four N 
channel IGBT type power transistors 116-119 which are arranged to connect the output 
of a low voltage power supply 120 in series with the gradient coil 22 in either of 
tmi polarities. For example, the low voltage power supply 120 produces an output of 
3 00 volts, whereas the high voltage supplies 4 6 have maximum outputs of 600 volts. 
The positive and negative terminals 122^^ and 124 respectively of the low voltage 
power supply 120 may be alternately connected to either a terminal of the high 
voltage power supply 46 or to a ground node 4 8 between the two swi tchmode amplifiers 
112 . 

Detailed De.qcri pt i on Paragraph Right (46) : 

Specifically, transiRtorK ii6 and 117 are connected across the low voltage power 
-supply 120 with the collector of tranpii f^tnr 116 being connected to the positive 
terminal 122 and its emitter is connected to the collector of transi g^tor 117. Node 
125 at the emitter of transistor 116 in one p-wi tchmode amplifier is connected to 
terminal 4 7 of one of the high voltage DC power supplies 46, whereas node 125 at the 
emitter of transi stor 116 in the other switchmode amplifier is connected to ground 
node 48. The emitter of transi stor 117 is connected to the negative terminal 124 of 
the low voltage power supply 120. Likewise, transi Pitnrf^ lis and 119 are also 
connected in seri es in the same manner across the output terminals 122 and 124 of 
the low voltage power supply 120. The node 126 between transi Htorc; 118 and 119 in 
one switchmode amplifier 112 is connected to the ground node 48, whereas the same 
node 127 in the other switchmode amplifier is connected to terminal 45 of the other 
high voltage DC power supply 46. 

Detailed Description Paragra ph Right (47) : 

Each of the transistors 116-119 has a di ode 128 arranged to conduct current from the 
emitter to the collector of the transistor . It will be understood from this 
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description that the IHpdes 128 form a full-wave recti^rer bridge, each leg of the 
bridge having onf^ ^r•anFi^ .q^or 116-119 bridging that leg. 



npt;^i1fid ^p>f;rr^p^^on Paragraph T?ight (48) : 

The base of each transistor 116-119 may be biased "on" or "off" to produce the 
negative polarity, positive polarity or shorted states described above with respect 
to the DC power supplies 46. The biasing of the transi Rhnrs is determined by control 
circuit 30 comparing the sensed current feedback signal 56 to the desired rnrrent 
level and driving the switchmode amplifiers to achieve the desired mirrenL. This 
biasing is shown in Table I above where the letters J-M identify the bases of 
transl stors 116-119, respectively. Thus, the swi trhing network formed by t-r^n.g-i fitmrfi 
116-119 and diodes 128 allows the output of the low voltage power supply 120 to be 
selectively applied to the gradient coil 22. The tr;^nc;T cjfo-r.g ii6-119 operating, 
basically either in the fully on or fully off state, consume little power and hence 
preserve the natural efficiency of the low voltage power supply 120 in delivering 
power to the gradient roil 22. The bases J-M of the four transi store; 116-119 in each 
of the swi tchmode amplifiers 112 are coupled to a control circuit 13 0 by a parallel 
signal bus 114 in much the same way as the high voltage DC power supplies 46 have 
the bases of their tran^i stors connected to the control circuit. 

Detailed DfiRnri p^i nn Paragraph Pighf .(49) : 

FIG. 11 illustrates a current sensor 110 connected in series with the gradient roil 

22 to provide a coil rurrent feedback signal 56 to the control circuit 130. 

Alternatively, a current sensing resistor may be connected between the ground node 
48 and node 126 of one of the switchmode amplifiers 112 to provide a current 
feedback signal to the control circuit 130, in a similar manner to that shown with 
respect to the embodiment in FIG. 3. 

Detailed Description Paragraph Right (50) : 

Control circuit 13 0 responds to the analog gradi Rnt signal and current feedback 
signal 56 by controlling the states of the transi stors to produce the appropriate 
voltage for gradient coi 1 22. In a similar manner to that described above by which 
the t ra n s 1 s tors in the high voltage power supply 46 are switched, control signals 
are applied by the control circuit via bus 114 to piwitch thp transi .gtnrc; 116-119 in 
each of the switchmode low voltage amplifiers 112. 

Detailed Description Paragraph Right (51) : 

FIG. 12 illustrates another version of the gradient amplifier system 42 which 
utilizes a single switchmode amplifif^r 112 in series with the two high voltage DC 
power supplies 46 to furnish voltage to gradien t, coil 22. The single swi tchmodp 
amplifier 112 in this embodiment swi tchps the output from a series connected pair of 
low voltage power supplies 120 to the terminals 45 and 47 of the high voltage DC 
power supplies 46. The operation of the single Rwi ^chmodf^ amplifier 112 is similar 
to that described above with respect to the dual switchmode amplifier version in 
FIG. 11. Specifically, a control circuit 130 generates a set of tr^nRi Rt-or piwitcb 
control signals that are applied to the bases J-M of the tran.qi fl^orc; 116-119 in the 
switching network. 

Detailed Description Paragraph Right (52): 

With reference to FIG. 13, the gradient amplifif^r can utilize four high voltage 
switchmode a mplif i ers 141, 142, 143 and 144. Each of the four switchmode amplifiers 
141-144 is similar to the ones shown in FIG. 11 and described previously. The first 
and second switchmode amplifiers 141 and 142 have lower voltage power supplies 151 
and 152 as compared to the power supplies 153 and 154 in the third and fourth 
switchmode amplifiers 143 and 144. For example, high voltage power supplies 151 and 
152 produce 250 volts DC across their output terminals and high voltage power 
supplies 153 and 154 produce 750 volts DC across their output terminals. 

Detailed Description P^^ragraph Right (53): 

Node 126 of the first switchmode amplifier 141 is connected to node 125 of the 
second switchmode amplifier 142 by a pair of linear amplifiers 146 and 148 with 
their outputs connected in seri es between the nodes. Linear ampi i f i er 146 has an 
input coupled to the output a control circuit 150 which receives the analog gradient 
signals 16. The other linear amplifier 147 is connected in a master/slave 
relationship to linear amplifier 146. Node 125 of the f i r<qt switchmode amplifier 141 
is connected to node 126 of the third first switchmode amplifier 143 which has its 
node 125 connected to the gradient coil 22. Node 126 of the second first switchmode 
ampi i f ier 142 is connected to node 125 of the fourth first switchmode amplifier 144 
which has its node 126 connected to the gradient coil 22 via the current sensor 110. 
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Dp^hailRd Dp^f^rript-.ion Paragraph Right (54) : 

The bases of the transistors within the .qw-i trhmoHp^ amplifiers 141-144 are biased 
"ON" or "OFF" by control signals N, P, Q, R, S, T, U or V to produce the negative 
polarity, positive polarity and shorted states described above with respect to the 
embodiment in FIG. 11. Specifically the Rwitnhing of thp tranct-i pirnr.c; in thf- fircit 
Pir^r\ ciPrn nH swi tchmnde amplifiers 141 and 142 is controlled by signals N, P, Q and R 
produced by the control circuit 150. Similarly the control circuit 150 produces 
signals S, T, U and V to control the tran.qistors in th^ third and fourth aw-itrhmode 
amplifiers 143 and 144. 

Detail fid Description Paragraph Right (55) : 

The above description has been that of preferred embodiments of the present 
invention. It will occur to those who practice the art that many modifications may 
be made without departing from the spirit and scope of the invention. For example, 
it will be understood from the above discussion that the symmetrical driving of the 
gradient coi] 22 is not essential to the invention but that non- symmetrical 
configurations may be employed. In such non- symmetrical configuration, a single 
linear amplifier and DC power supply may be used. Or, multiple power supplies and 
amplifiers, may be used and controlled with different signals ,to produce a 
non- symmetrical driving of the gradient coil . Further, the DC sources 94-98 may each 
include separate capacitor banks 64 so as to both generate and receive gradient 
current . In order to apprise the public of the various embodiments that may fall 
within the scope of the invention, the following claims are made. 

Detailed Description Paragraph Center (2) : 
MRI System Hardware 



Dptailed Deficription Paragraph Center (3) : 
Gradient Amplifiers 



CLAIMS : 



1. An amplifier for a gradient oil of a magneti c resonance imaging system, the 
amplifier receiving a gradi ent signal and producing voltage to generate a gradi ent 
current in a gradient coil to produce a desired magnetic gradient field, the 
ampli f ier comprising: 

a DC power supply having an input for receiving the gradient signal and having an 
output connected to the gradient roil for impressing a f i rpit voltage component 

across the gradient coil, the first voltage component being selectable from a 

discontinuous range of output voltages and approximating the voltage needed to 
produce the gradient current ; 

a feedback sensor connected to the gradi ent roi 1 for producing a feedback signal 
indicative of a magnetic gradient field produced by the gradient ooi 1 ; and 

an amplifier device having an output connected to the gradient coil for impressing a 
second voltage component across the gradient coil, the second voltage component 
being within a continuous range of output voltages, and having an input receiving 
the feedback signal and the gradient signal to adjust the second voltage component 
so that the sum of the first and second voltage components generates the gradient 
current in the gradient coi 1 to produce the desired magnetic gradient field. 

2. The amplifier as recited in claim 1 wherein the DC power supply has more than one 
DC source with each DC source being switchable to produce incremental voltage or 
zero voltage, such DC sources being connected so that the sum of the incremental 
voltages defines the discontinuous range of output voltages and so that the f i rst 
voltage component is the sum of only the incremental voltages from those DC sources 
that are switched to produce an incremental voltage . 

3 . The amplifier as recited in claim 2 wherein the incremental voltages for each DC 
source differ in value between each DC source according to a binary relationship. 

4. The ampT i f i er as recited in claim 1 wherein the feedback sensor is a resistor 
connected in series with the gradient coil to generate a voltage proportional to the 
gradient current and hence to the gradient magnetic field. 
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5. The ampl i f i er as r^^ted in claim 1 wherein the DC ^Wer supply is a precharged 
capacitor which may be connected to or disconnected from the? gradi f^nr mi 1 to 
generate either a f 1 rst voltage component or zero voltage. 

6. The amplifier as recited in claim 5 comprising: 

a source of a reference signal that indicates a desired peak capacitor voltage; and 

an error voltage generator having a first input for receiving the reference voltage, 
a RPiCond input for receiving a signal representing a voltage on the capacitor, and 
an output coupled to the amplifier device for altering the second voltage component 
to move a peak voltage across the capacitor toward the desired peak capacitor 
voltage . 

7. The ampl i f i er as recited in claim 6 wherein the error voltage generator is gated 
to produce the third voltage component only during changes in the gradif^nt mrrent 
caused by changes in the first or second voltage components. 

8. In a magnetic resonance imaging system, an apparatus which receives a gradient 
current signal and produces a corresponding gradipnt rurrp>nt in a gr;^HiRnt roil to 
generate a desired magnetic grad1 ent field, the apparatus -comprising : 

a differentiator for differentiating the grad-ient rn-r-rf^nh signal to produce a 
driving voltage signal; 

a DC power supply having an output connected to the gradient roi 1 for impressing, 
across the gradient coil , a first voltage component that is selectable from a 
discontinuous range of output voltages; 

a digitizer for receiving the driving voltage signal and connected to the DC power 
supply to produce a digital switching signal to select the f i -rctt- voltage component 
from the discontinuous range of output voltages to approximate the voltage needed to 
generate the gradif^nt rnr•rRn^ ; 

a feedback sensor connected to the gradient rn-i 1 for producing a feedback signal 
indicative of the gradient current ; and 

an ampl i f ier having an output connected to the gradient- roil for impressing a Hecond 

voltage component across the gradient coil, the cjf^nn-nri voltage component being 

within a continuous range of output voltages, and the ampl i f i er receiving and 
responsive to the feedback signal and the gradi ent signal by adjusting the sernnfi 
voltage component so that the sum of the firi^t and f^^rnnd voltage components 
generates the gradient current in the gradient coil to produce the desired magnetic 
gradient field. 

9. An apparatus for receiving a gradient signal and producing voltage to generate a 
c urrent in a gradient coil of a magnetic reaonanre imaging system, the apparatus, 
comprising: ^\ 

a controller which produces first and aerond control signals from the gradient 
signal ; 

a f i rst DC power supply having an input connected to said controller for receiving 
the first control signal and having first and second output terminals across which 
is produced a first voltage component having a magni tude adjustable in response to 
the first control signal, and the first output terminal being coupled to the 
gradient coil ; 

a second DC power supply having an input connected to said controller for receiving 
the f i rst control signal and having third and fnnrth output terminals across which 
is produced a second voltage component having a magnitude adjustable in response to 
the first control signal, and the fourth output terminal being coupled to the 
gradient mil ; and 

an amplifier assembly responsive to the second control signal by producing a third 
voltage component at an output that is connected between the second and third 
terminals of said first and second DC power supplies, so that the sum of the f i rst, 
second and third voltage components generates the current in the gradient coil to 
produce the desired magnetic gradient field. 
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10. The apparatus as recited in claim 9 wherein at least nnp of saiH fir^t anH 
Rpcond DC power supplies has more than one DC source, each such DC source being 
Rwi frhahl e to produce an incremental voltage or zero voltage, the DC sources 
connected so that the sum of the incremental voltages define a range of output 
voltages and so that the corresponding first or cifirnnd voltage component is the sum 
of only the incremental voltages from those DC sources that are g^witrh^d to produce 
an incremental voltage. 

11. The apparatus as recited in claim 10 wherein the incremental voltages for each 
DC source differ in value between each DC source in according to a binary 
relationship. 

12 . The apparatus as recited in claim 9 wherein each one of .qa-id firRt and second DC 
power supplies comprises: 

a source of a DC voltage; 

four diodfic- connected as a full wave rectifier bridge having positive and negative 
nodes connected to said source of a DC voltage and having another pair of nodes 
which are connected to the output terminals of said DC power supply;^ and 

four switrh elements each being connected across one of sa -i d diodes and being 
rendered conductive in response to the second control signal . 

14. The apparatus as recited in claim 9 wherein said amplifier assembly comprises a 
pair of linear amplifiers with outputs connected in series between the second and 
third terminals of said first and second DC power supplies. 

15. The apparatus as recited in claim 14 wherein said amplifier assembly further 
comprises a current sensing resistor coupling the outputs of said pair of linear 

amplifiers , one end of said resistor being connected to ground and another end of 

said resistor being coupled to said controller to provide a signal indicative of a 
magnitude of ourrent flowing through the gradi ent ooi 1 . 

16. The apparatus as recited in claim 9 wherein said amplifier assembly comprises a 
single linear switchmnde amplifier having a DC source that produces the third 
voltage component . 

17. The apparatus as recited in claim 9 wherein the th-i rd voltage component is less 
than each of the firf^t and second voltage components . 

18. The apparatus as recited in claim 9 wherein said amplifier assembly includes a 
pair of Rwi trhmode amplifiers with outputs connected in series between the second 
and third terminals of said first and second DC power supplies. 

19. The apparatus as recited in claim 18 wherein each of., said switchmode amplifiers 
comprises: M \ 

a source of DC voltage which is less than each of the fir.^t and seoond voltage 
components ; 

a set of four diodes connected as a full wave rectifier bridge having positive and 
negative nodes connected to said DC voltage source and having another pair of nodes 
which form the output said .qwi tchmode amplifier; and 

four switch elements each being connected across one of the diodes in said set and 
being rendered conducti ve in response to the second control signal . 

20. The apparatus as recited in claim 9 wherein said first and second DC power 
supplies select the first and second voltage components, respectively, from a group 
of voltage levels in response to the first control signal. 

21. An apparatus for receiving a gradient signal and producing voltage to generate a 

current in a gradient coil of a magnetic resonance imaging system, the apparatus 

comprising : 

a f i rst DC power supply having an input for receiving a f i rst control signal and 
having first and second output terminals across which is produced a first voltage 
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component selectable ^rom a group of voltage levels in^response to the f i -r^it control 
signal, and the first output terminal being coupled to the gradient mi 1 ; 



a second DC power supply having an input for receiving the f i r.qt control signal and 
having third and fourth output terminals across which is produced a Rpcnnd voltage 
component selectable from a group of voltage levels in response to the f -i rst control 
signal, and the fourth output terminal being coupled to the gradient roi 1 ; 

a Rwitchmode amplifier assembly responsive to a second control signal by producing a 
thi rd voltage component at an output that is connected in series between the spr^ond 
and third output terminals of said firsr P^ nd sfirnnd DC power supplies, so that the 

sum of the f i rst , second and third voltage components generates the cnrrpnt in the 

gradient coil to produce the desired magnetic gradient field; and 

a controller which produces the first ;^nd ^prnnH control signals from the_gradi£nt 
signal, and being connected to said switchmode amplifipr assembly ^nd i-n s;^id firsr 
and second DC power supplies. 

22. The apparatus as recited in claim 21 wherein said swi trhmodp amplifier assembly 
comprises : 

a first source of DC voltage which is less than each of the first ;^nd spr-nnd voltage 
components ; 

a first set of four diodes connected as a full wave rectifier bridge having positive 
and negative nodes connected to said f i rst source of DC voltage and having first and 
second output nodes; and 

a f 1 rst quartet of switches with earh swii-rh being connected across a different 
diode in sai d f i rst set, and being rendered condurti vp in response to the second 
control signal . 

23. The apparatus as recited in claim 22 wherein said switchmodp amplifier assembly 
further comprises: 

a second source of DC voltage which is less than each of the first and serrnnd 
voltage components; 

a second set of four diodes connected as a full wave rectifier bridge having 
positive and negative nodes connected to said sernnd source of DC voltage, and 
having third and fourth output nodes with the thi rd node being coupled to the sprond 
node ; and 

a second quartet of switches with each being connected across a different diode in 
said second set, and being rendered conductive in response to the second control 
signal . 

24. An apparatus for receiving a ^gradi ent signal and producing a voltage to generate 
a curr ent In a gradient coil of a magnetic! resonanr-p imaging system, the apparatus, 
said apparatus comprising: 

a controller which produces first and second control signals and an analog signal 
from the gradient signal; 

a f i rst DC power supply having an input connected to said controller for receiving 
the first control signal and having first and sernnd output terminals across which 
is produced a first voltage component selectable from a plurality of voltage levels 
in response to the first control signal, and the first output terminal being coupled 
to the gradient coil ; 

a second DC power supply having an input connected to said controller for receiving 
the second control signal and having third a nd fnnrth output terminals across which 
is produced a second voltage component selectable from a group of voltage levels in 
response to the first control signal, and the thi rd output terminal being coupled to 
the second output terminal of said f i rst DC power supply; 

a thi rd DC power supply having an input connected to said controller for receiving 
the first control signal and having fifth and sixth output terminals across which is 
produced a thi rd voltage component selectable from a plurality of voltage levels in 
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response to the f irst^pntrol signal, and the fifth ou^rot terminal being coupled to 
the gradient roi 1 ; 



a fourth DC power supply having an input connected to said controller for receiving 
the second control signal and having seventh and eighth output terminals across 
which is produced a fourth voltage component selectable from a group of voltage 
levels in response to the second control signal, and the seventh output terminal 
being coupled to the sixth output terminal of sai d third DC power supply; and 

a pair of linear amplifiers which respond to the analog signal by producing a fifth 
voltage component across at a pair of terminals connected between the fourth and 
eighth output terminals of said .qpfond and fourth DC power supplies, so that the sum 

of the first, second, third, fourth and fifth voltage components generates the 

current in the gradient co-i 1 to produce the desired magnetic gradient field. 

25. The apparatus as recited in claim 24 wherein each our of .qaid f-jrat, se^rond, 
third and fourth DC power supplies comprises: 

a source of a DC voltage; 

four diodea connected as a full wave rectifier bridge having positive and negative 
nodes connected to said source of a DC voltage and having another pair of nodes 
which are connected to the output terminals of one of said first, second, third and 
fourth DC power supplies; and 

four switoh elements each being connected across one of said diodes and being 
rendered conductive in response to a control signal from said controller. 
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DOCUMENT- IDENTIFIER: US 4820986 A 
TITLE: Inductive circuit arrangements 

Abstract Paragr;^ph J.f^ft (1) ; 

A switched coil arrangement is connected in a bridge configuration of four sw-itchfic; 
S.sub.l, S.sub.2, S.sub.3 and S.sub.4 which are each shunted by dindpc; D.sub.l, 
D.sub.2, D.sub.3 and D.sub.4 so that curre=int can flow in either direction through a 
coil L depending on the setting of the switches . A capacitor C is connected across 
the bridge through a switch S.sub.5 to receive the inductive energy stored in coil L 
on breaking the current flow path through the coil. The electrostatic energy stored 
in capacitor C can then be used to supply current through the coil in the reverse 
direction either immediately or after a time delay. Coil L may be a superconductive 
coil. Losses in the circuit can be made up by a trickle charge of capacitor C from a 
separate supply V.sub.2. 

Brief .qummary Pa-rag-ra ph P-ight (1) : 

This invention relates to inductive circuit arrangements and is concerned with 
arrangements which enable the current flow through an inductive coil to be rapidly 
switchpd on and off or reversed. 

Brief .Summary P;^rag-ra ph P-ight (2) : 

In many applications of nuclear magnetic rRsnnanrf^ (nmp^ it is often required to 
sw i tch on or off or to reverse magnetic fields and especially magnetic gradi pnt 
fields and to effect such switching or reversal as rapidly as possible, fiwi tching of 
magnetic grf^dient fields is important in NMR imaging applications especially where 
high speed is required. An example of such an application is in the echo planar 
imaging (EPI) technique as described in British Pat. No. 1,596,160. In EPI there is 
a requirement to switch trapezoidal gradi ^nt fields with a Rwi trhi ng time of around 
25 .mu.s for best effect. These gradient fields are created by passing electrical 
currents through inductive coi 1 arrangements which may have non-zero resistance. For 
low resolution imaging low currents and small cni 1 acjc-pmhl i f^c; can be utilised and it 
is possible to use linear amplifiers to achieve the required .qwi trhi ng rates and 
gradient amplitudes . However if ^high resolution is required larger gr^^di pnt fields 
must be employed and to achieve the required high switching rates extremely high 
power amplifiers are necessary. It is believed that this is onp of the major 
obstacles to the commercial development of ultra high-speed NMR imaging techniques 
1 ike EPI . 

Brief .Summary Paragraph Pight (3) : 

The power requirements for the rapid switching o f c u rre nt through an inductance will 
be appreciated from a consideration of the theoretical background. Let a step 
voltage V be applied to an inductance L through a resistor r then the size of 
current i is given by the well known expression 

Brief Summary Paragraph Pight (4) : 

Linear amp] i f i ers with both high voltage and high current capability are not readily 
available but in any event are an inefficient and uneconomic approach for gradient 
switching. 

Brief Summary Parag-raph Right (5) : 

For superconductive coils, r=0 so that . tau . . f wdarw. . inf in . , equation (3). In this 
case, it would take an infinite time (in practice a long time) to establish any 
current through L. But having established a cn-rrf^nt ^ no power would be required to 
maintain it. 
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Rrifif Nummary Paragraph Right (6) : 

It is an object of the invention to provide an inductive circuit arrangement the 
switching of which requires minimal power. 

Rrief Summary Paragraph Right (7) : 

According to the invention an inductive circuit arrangement comprises four swi tehees 
connected in a bridge configuration, rurrent supply terminals to opposite ends of 
the bridge, inductive coil means connected across the bridge so that rurrp^nt can 
flow in either direction through the coil means depending on the setting of the 

fiwi tches, a series connection of capacitor means and a switch connected across the 

supply terminals, and means for operating the said switches so as to connect the 
capacitor means across the coil means at least for a sufficient period of time until 
the rurrent flow through the coil reduces to zero by charging of the capacitor 
means . 

Ptr-if^f cjummary Paragraph Right (8) : 

In carrying out the invention the said means for operating the switches may function 
subsequently to allow the capacitor means to discharge to generate current flow 
through the coil means in the opposite direction to the initial flow. 

Brief Summary Paragraph Right (9) : 

Preferably the sai d switches are shunted by unidirectional current flow devices. 
Brief Summary Paragraph Right (10) : 

It will be seen that in the operation of the above circuit arrangement the magnetic 
energy stored in the inductive coil is not destroyed but is transformed to 
electrostatic energy for storage in the capacitor means . Thus the power required to 
switch or reverse the current through the coil is theoretically zero since the total 
energy of the system comprising coil and capacitor is constant. In practice there 
will be minor energy losses but these can be compensated for by provided trickle 
charge means connected to the capacitor means to enable the capacitor means to be 
charged to a predetermined voltage value after discharge. It is desirable to ensure 
that the said predetermined voltage is greater than the voltage across the supply 
terminals . 

Brief Summary Paragraph Right (11) : 

It may be desirable to connect a unidirectional ciirrpnt flow device in series with 
the current supply terminals to prevent flow of current through the currg^nt supply 
terminals in the reverse direction. 

Brief Summary Paragraph Right (13) : 

To provide start-up energy for the circuit initiating charge means comprising an 
additional power supply can be connected through a swi tnh to initially charge the 
capacitor means to a peak voltage to provide the requisite electrical energy to 
establish the required current flow in the said coil means. 

Brief Summary Paragraph Right (14) : /\ M 

It may also be desirable to provide a switched parallel path across the bridge to 
maintain a substantially constant value of rurre^nt through the current supply 
terminals irrespective of the settings of the switches in the bridge configuration. 

Brief Summary Paragraph Right (15) : 

In one, embodiment of the invention the bridge configuration is so modified that the 
tJflEQ arms of the bridge are connected to different current supply terminals and 
separate series connections each of a capacitor means and a switch are connected to 
each supply terminal so as to enable different values of nurrpnt flow to be 
established through the coil in respective opposite directions. 

Brief Summary Paragraph Right (16) : 

In certain embodiments of the invention the capacitor means is used as a temporary 
energy store only and a second inductive coil means is provided as a more long-term 
store. Such an arrangement is useful where immediate current reversal in an 
operating coil is not required. In one such embodiment a further bridge 
configuration with associated further current supply terminals is provided with a 
further inductive coil means connected across the said further bridge configuration 
and the capacitor means is also connected in series with a further switch across the 
further current supply terminals. With such an arrangement the energy in the 
operating coil is f i rst transferred to the capacitor means in the manner described 
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above and is then trai?Bferred to the further inductive^Dil means where it can be 
stored indefinitely, with any losses if need be being made up from the voltage 
source connected across the further rnrrpnt supply terminals. 



Brief Summary Paragraph Left (5) : 

For very low winding resistance, this power can be made arbitrarily low. However, 
for a given value of inductance L and rise time, equation (5) determines the peak 
power requirements of the driver amplifier. For linear amplifiers this situation 
presents something of a dilemma. Peak powers and voltages exceeding the capability 
of the amplifier may be required for short durations only, in order to establish the 
steady state current I. Then according to equation (6) , the power requirement may 
drop to an arbitrarily low figure, though I may be high. 

Drawing Description Paragraph Right (5) : 

FIG. 4 is a circuit embodying the invention for enabling opposite mr-rf^nh flows in a 
coil to have different ampi i tudp^p;, 

Drawing Description Paragraph Right (6) : 

FIG. 5 illustrates various current waveforms possible by using the invention. 
Drawing Description Paragraph Right (7): 

FIG. 6 illustrates an embodiment of the invention in which two inductive coils are 
used, 

Drawing Description Paragraph P-ight (8) : 

FIG. 7 illustrates another embodiment of the invention in which a second coil is 
used for energy storage, and 

Drawing Description Paragraph Pight (9) : 

FIG. 8 is an embodiment of the invention utilising solid state switrhRR , 
Detailed Description Paragraph Right (1) : 

Referring now to FIG. 1 there is illustrated therein a bridge configuration of four 
switches S.sub.l, S.sub.2, S.sub.3 and S.sub.4. Each swi trh is shunted by a 
respective diode D.sub.l, D.sub.2, D.sub.3 or D.sub.4. All the diodpc- arp rondimtivp 
in the same direction. An inductive coil L is connected across the bridge between 
points A and B. The bridge has current supply ternninals T.sub.l and T.sub.2, 
terminal T.sub.2 being earthed and terminal T.sub.l being supplied from a voltage or 
current supply V.sub.l through a diode D.sub.6. A .qf^ri f^.q connection of a capacitor C 
and switch S.sub.5 is connected across the bridge between terminals T.sub.l and 
T.sub.2 and switch S.sub.5 is shunted by a diode D.sub.5. Capacitor C can be charged 
from a voltage supply V.sub.2 through a diode D.sub.7 and resistor R.sub.l. The 
various switches S.sub.l to S.sub.5 are controlled by signals applied along lines 
G.sub.l to G.sub.5 respectively. 

Detailed Description Paragraph Right (2) : 

To understand the operation of the circuit shown in FIG. 1 let it be assumed 
initially that switches S.sub.l and S.SLib.4 are closed and Bhat swi toh^.q S.sub.2 and 
S.sub.3 are open. With ^this arrangement of the switches current will flow through 
coil L from teinninal A to terminal B. If now at a time t=0 swi trhRs S.sub.l and 
S.sub.4 are swi tched off simultaneously the magnetic field in coil L will collapse 
and will generate an emf across the coil and by Lenz ' s law point A will be negative 
with respect to point B. Point A is clamped to earth terminal T.sub.2 through dioHp 
D.sub.3 and since point B is therefore positive there will be a continuous path for 
the current flowing in coil L through di ndpci D.sub.2 and D.sub.3, di odp D.sub.5 and 
capacitor C. The energy in coil L will therefore be dumped into capacitor C where it 
will be stored as electrostatic energy. While this charging of capacitor C takes 
place switches S.sub.2 and S.sub.3 can be closed but the timing of their closure is 
not critical since current is flowing during this time through diodes D.sub.2 and 
D.sub.3. Switch S.sub.5 is also closed during this time without affecting the 
operation of the circuit. The current through coil L reaches zero at a time 
t=t.sub.s at which instant capacitor C becomes fully charged to a peak valup of 
voltage V.sub.c. The time t.sub.s is defined by 

Detailed Description Paragraph Right (3) : 

Neglecting the forward diode resistance, the total energy initially in the inductor 
at time t=0 is transferred to the capacitor, i.e. 

Detailed Description Paragraph Right (4) : 
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The voltage V.sub.A across the terminals T.sub.l and T^lH).2 and the rur-rf^nt i.sub.L 
through coil L are shown in FIG. 2(b) and FIG. 2(c) respectively. Prior to reversal, 
V.sub.A .perspectiveto. V. sub. 1 and i.sub.L =1. At time t-t.sub.s, i.sub.L =0 and 
V.sub.A =V.sub.c. The diode D.sub.6 protects the low voltage power supply during the 
.qw-i hrh-ing operation and allows a smooth transition back to V.sub.l following nir-rp^nh 
reversal. Since D.sub.l conducts when S.sub.l is swi trhpd off, a smooth transition 
from I to -I obtains, with no discontinuous glitches at the zero-crossing. 

npta-ilpd Desrript-inn Paragraph Right (5) : 

The voltage V.sub.2 is variable and serves to make good energy losses in the system 
due to finite diode and switch resistances. 

Detailed Description Paragraph Right (6) : 

As described the switch works with superconductive coils. 
Detailed Description Paragraph Right (7) : 

The operation of the circuit of FIG. 1 assumed an initial steady state current 
flowing in the coil. However, from FIG. 2 it can be seen that at time t=t.sub.s, 
i.sub.L =0. That is to say, the circuit is switched off. The conditions to switch on 
from i.sub.L =0 are therefore those indicated, namely V.sub.c =V.sub.c. In order to 
achieve this, the circuit as it stands must be cycled prior to actual operation to 
establish the correct working voltages. However, capacitor C will not hold its 
charge indefinitely and V.sub.c will slowly decay from V.sub.c to V.sub.l due to 
leakage resistance. Typical leakages allow V.sub.c to be held for up to 100 ms 
without problem. 

Detailed Description Paragraph Right (8) : 

To avoid droop, the circuit of FIG. 1 must be modified to take an additional power 
supply which acts as an initiating charge means and is capable of supplying the full 
peak voltage V.sub.c to capacitor C. This modification is sketched in FIG. 3, in 
which a supply voltage V.sub.3 equal in magnitude to peak voltage VC is connected to 
capacitor C via a switch S.sub.6. .Qwi trh S.sub.6 is kept on when all other switches 
are off, that is, between pul se seguencF^s and ensures that the requisite electrical 
energy is stored in capacitor C to establish the required current flow in coil L 
when desired. As soon as current is required through coil L, S.sub.6 is switched 
off, S.sub.5 is switched on and the bridge is activated. Discharge of capacitor C 
through the bridge immediately establishes the required magnitude of current flow in 
coil L. Once current is established, the operations continue as previously 
described. On final swi tch off, V.sub.3 is again coupled to capacitor C via switch 
S . sub . 6 . 

Detailed Description Paragraph Right (9) : 

The fact that S.sub.l to S.sub.4 are initially all off means that the load on supply 
V.sub.l changes and voltage V.sub.A varies. This may be obviated by adding a third 
arm to the bridge of FIG. 1. This comprises a switched load connected between 
terminal T.sub.l and earth which is normally off. However, when no current through 

„coil L is required, the thi rd arm shunts current through di od^ D.sub.6 to earth 

/^^thereby holding V.sub.A constant. ^\ 

Detailed Description Paragraph Right (10) : 

In the FIG. 1 circuit the bridge configuration is shown as comprising four switches . 
Two of these switches, for example switches S.sub.2 and S.sub.4, may be replaced by 
pairs of terminals for connection to individual current supply sources which replace 
source V.sub.l. A duplicate of capacitor C and its associated switch S.sub.5 and 
bypass di ode D.sub.5 is connected to the opposite end of the bridge to pswi tch 
S.sub.5 and point A or B is earthed instead of terminal T,sub.2. DiodeK are also 
included at each end of the bridge . 

Detailed Description Paragraph Right (11) : 

In the circuit described in FIG. 1 the magnitude^ of the forward and reverse currents 
are equal. However, in some NMR applications, unequal magnitude?? of current are 
required. The basic principles of swi tching described above can be adapted to this 
situation as indicated in FIG. 4. 

Detailed Description Paragraph Right (12) : 

In the circuit shown in FIG. 4 like parts have like references to FIG. 1 but in FIG. 
4 the two arms of the bridge comprising the switches S.sub.l and S.sub.2 are taken 
to two different current supply terminals T.sub.l and T.sub.3 supplied from voltage 
sources V.sub.l and V.sub.4 of different magnitudes . Separate capacitors C.sub.l and 
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C. sub.2 are connected cb terminals T.sub.l and T . sub . 3^nrough_siiLLt£:li£S S.sub.5 and 
S.sub.8 respectively. Terminal T.sub.l is connected to capacitor C.siib.2 through a 
diode D.sub.8 and terminal T.sub.3 is connected to capacitor C.sub.l through a dS nrif^ 

D. sub.5 shunted by diodes D.sub.5 and D.sub.8. Capacitor C.sub.l is trickle charged 
from a voltage source V.sub.2 through a protective di nde D.sub.7 and resistor 
R.sub.l. Capacitor C.sub.2 is tricle charged from a voltage source V.sub.6 through a 
protective dind^ D. sub. 10 and resistor R.sub.2. 

npt-ailed DpRrr-jpti nn Paragr-a ph Right (13) : 

Let an initial current I.sub.l flow through sw-i trh s.sub.l, coil L and rwi tr.h 
S.sub.4. On turn-off of switches S.sub.l and S.sub.4 capacitor C.sub.l charges, 
storing the initial energy 1/2LI . sub . 1 . sup . 2 . The reverse currpnt I . sub . 2 .noteq. II 
then flows through switch S.sub.2, L and switrh S.sub.3 with appropriate gating, 
provided that the energy equivalent of 1/2LI . sub . 2 . sup . 2 was previously stored on 
the capacitor C.sub.2. 

Detailed Description Paragraph Right (14) : 

If the switching process is only seldomly repeated, the necessary peak voltages on 
C.sub.l and C.sub.2 may be ensured by adding two circuit arrangements as described 
in FIG. 3. 

Detailed Dear ript inn Parag-raph Right (15) : 

In order to present roughly constant loads to the two power supplies, V.sub.l and 
V.sub.2, each half of the bridge, i.e. S.sub.l, S.siab.3 and S.sub.2, S.sub.4 can be 
shunted by additional mr-rf^nt switrheR from both D.sub.6 and D.sub.9 to earth. 

Detailed DRFir^ri pt i on Paragraph Right- (16) : 

The circuits described are capable of producing a variety of useful current 
waveforms. One example is a trapezoidal like burst of equal ampi i tndp positive and 
negative currents with periods .tau..sub.l and .tau..sub.2, see FIG. 5(a). A similar 
current waveform with unequal positive and negative currf^nt.q is shown in FIG. 5 (b) . 
Since the circuits actually switch off at a zero-crossing, time delays P.sub.l and 
P. sub. 2 may be interposed as indicated in FIG. 5(c) . 

Detailed Description Paragraph Right (17) : 

The trapezoidal edges in all cases are cosinusoidal with a rise or fall time of 
t.sub.s, which is experimentally accessible. For rapid swi tchi ng t.sub.s is short, 
but this may be lengthened as in FIG. 5(d) . The circuit can also be used to generate 
true sinusoidal waveforms, FIG. 5(e) or mixed sinusoids, FIG. 5(f). 

Detailed DaRcription Paragraph Pight (18) : 

Arrangements for energy storage using capacitors have been described above. This is 
convenient since tuned circuits naturally interconvert between magnetic and 
electrostatic energy. In practice equations (8) and (9) dictate the storage 
capacitance and the peak voltage. Assuming the components can withstand this 
voltage, there is still the problem of top-up provided by the supply V.sub.2 in FIG. 
1, and the initiating charge provided by V.sub.3 iuAFIG. 3. Both arrangements 
require relatively high voltage power supplies and ^rn the case of V.sub.2, the 
current drains can be significant. For one shot waveforms there is no problem. But 
with repeating waveforms, as used in EPI, HT (high tension) or even EHT (extra high 
tension) power supplies may be required. 

Detailed Description Paragraph Right (19) : 

An attractive and alternative approach is to use the capacitor C as a short term 
energy store, transferring the energy to another storage inductance, L', placed well 
away from the primary coil L. A circuit arrangement is shown in FIG. 6 using two 
bridges and two low voltage power supplies V.sub.l and V.sub.l If L=L' then 
V.sub.l -perspectiveto. V. sub. 1 '. Losses in the system are made up by passing extra 
current through L' . The losses referred to arise from power dissipation in the 
diodes and switches. Long term losses in the inductance (I. sup. 2 r) are made up from 
the power supply. In a superconductive coil, these are zero. Thus once the current I 
is achieved in L or L ' the current would be maintained with no power consumption. 
Note that in this arrangement, capacitor C can be small. The rise time would be 
limited purely by the voltage capabilities of the switches and diodps . The storage 
capacitor is required to hold charge for only a short time and no top-up voltage 
source or high voltage start-up supply is required. 

Detailed Dp.qcri pt i on Paragraph Right (20) : 

Although a four element bridge for storage coil L' strictly speaking, is not 
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required, the arrangement of FIG. 6 provides a more or Tress constant load for supply 
V.sub.l ' . As in the previous circuits, the bridge for coil L should be shunted with 
a third arm to provide a current drain on V.sub.l when all four swi t.r.h elements of 
that bridge are off. 

Detailed Descriptinn P^-r^gr^ ph Righf (21) : 

An alternative circuit is shown in FIG. 7. In this arrangement as in FIG. 1 energy- 
is momentarily stored in capacitor C when reversing the cnrrpnt direction through L. 
However, when it is desired to Rw-i trh off all four- P^w^^rhpp; S.sub.l to S.sub.4, the 
magnetic energy l/2LI.sup.2 in coil L is f i -r^r transferred to coil L' via ^wi tch 
S.sub.9. Current through S.sub.9 is controlled by a cn-rrpnt regulator CR. The 
current flow through coil L' and its energy 1/2L ' I ' . sup . 2 in coil L' is then 
maintained from the same supply V. A short time before current flow in coil L is 
required switch S.sub.g is opened and the energy in coil L' is dumped into capacitor 
C thus providing the necessary initial condition for start-up. This means that the 
current drain is fairly constant thus avoiding transient problems in the low voltage 
power supply. No HT or EHT top-up supplies are needed in this arrangement. 

Detailed Descript-ion Paragraph Right (22) : 

The various sw1 tches referred to can be bidirectional mechanical devices, 
bidirectional solid-state devices, e.g. FET's, standard high power transi fitor.g, 
SCR ' a , unidirectional vacuum tubes or gas filled thyratrons. All can be made to 
function with appropriate driving circuitry. Naturally for high speed operation, 
mechanical switches are not as useful . 

Detailed Description Paragraph Right (23) : 

A practical circuit based on FIG. 1 is shown in FIG. 8. Power FET's (HEXFETS IRF130) 
are used as the switches S.sub.l to S-sub.5, the integral body diode of these 
devices being employed for the return current patha . 

Detailed DRRrri pt i on Paragra ph Right (24) : 

A switching time t.sub.s of 50 .mu.s was chosen in order to keep the peak capacitor 
voltage below the device limit of 100 V using equations (8) and (9) . A capacitor of 
10 .mu.F satisfies the requirements. 

Detailed Description Paragra ph Right (25) : 

Swi tch S.sub.5 is arranged to open between transitions after the curre^nt has settled 
(i.e. 2 t.sub.s after the last transition) to enable the capacitor voltage to be 
topped up to V.sub.2 as described earlier and shown in FIG. 2(a) . This switch closes 
during a transition, when energy is being transferred into C via S.sub.5 's body 
diode or via S.sub.5 itself when it has closed, and S.sub.5 remains closed until the 
stored energy in C has been returned to the coil at time t=2t.sub.s. 

Detailed DRsnript ion Paragraph Right (27) : 

In this arrangement there is no requirement for instantaneous switching or 
simultaneous switching of any of the devices. Also, there is always a mrrpnt path 
in circuit with coil L, either via the devices or the di odfiR during transitions thus 
minimising the possibility of "glitches". M 

Detailed Description Paragraph Right (28) : 

Series/parallel combinations of devices can be used for higher voltages and current 
and for shorter transition times. 

Detailed Description Paragraph Right (29) : 

The circuit of FIG. 8 has been used to switch a current of 20 A through a coil L of 
100 .mu.H with a switching time t.sub.s of 50 .mu.s. 

Detailed Description Paragraph Right (30) : 

More powerful switches, e.g. SCR' s can be used to handle very high voltages and 
currents (.about. 4 kV and 1000 Amps). Suitable snubber circuits may be introduced 
between the anodes and cathodes of the SCR ' s in order to prevent their retriggering . 



Detailed DRi=;rri pt i on Paragra ph T.pft (1) : 

The current flow will reverse through the now closed switches S.sub.2, S.sub.3 and 
S.sub.5 and capacitor C will entirely discharge to generate a current flow of 
magni tiide-I from B to A in the reverse direction through coil L after a time 
2 1 . sub . s . 
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DptailpH Df^flrriphinn Paragraph T.f=>fh (3) : 

the energy transfer time or swi trh-i ng time, t.sub.s, can be chosen by an appropriate 
value of C. The capacitor voltage V.sub.c during a switch, is shown in FIG. 2(a) . At 
t=0, V.sub.c =V.sub.2. After energy transfer at t=t.sub.s, V.sub.c =V.sub.c. 
Capacitor C discharges in the next 1/4 -cycle through closed awi tch S.sub.5. The 
discharge path is through switches S.sub.2 and S.sub.3 thereby establishing a 
reversed current, -I, through coil L. At the end of the discharge period, when 
t=2t.siib.s, V.sub.c .perspectiveto. 0 and at this point in time switch S.sub.5 is 
opened isolating C from the circuit. Thereafter the capacitor is trickle charged 
through resistor R.sub.l until V.sub.c =V.sub.2. 

CLAIMS : 

1. An inductive circuit arrangement comprising: 

four switches connected to form foxir arms of a bridge configuration, 
current supply terminals at opposite ends of the bridge, 

inductive coil means connected across the bridge so that rurrpnt can flow in either 
direction through the coil means depending on the setting of the switch^fi, 

a series connection of capacitor means and a series switch connected across the 
supply terminals, and 

means for operating said four switches and said series switch so as to connect the 
capacitor means across the coil means at least for a sufficient period of time until 
the current flow through the coil reduces to zero by charging of the capacitor means 
and so as to isolate said capacitor means from the bridge configuration to enable 
mrrent to continue to flow through the coil. 

2 . The arrangement as claimed in claim 1 in which the said switches are shunted by 
unidirectional current flow devices. 

3. The arrangement as claimed in claim 1 in which the said means for operating the 
swi tches functions subsequently to the reduction of the cTir-rent flow through the 
coil to zero to allow the capacitor means to discharge to generate current flow 
through the coil means in the opposite direction to the current flow in one 
direction. 

4. The arrangement as claimed in claim 3 in which there is provided trickle charge 
means connected to the capacitor means to enable the capacitor means to be charged 
to a predetermined voltage value after discharge. 

6. The arrangement as claimed in claim 1 in which a unidirectional current flow 
device is connected in series with the rnr-rent supply terminals to prevent flow of 
current through the current supply terminals in the reverse direction. . 

'\ l\ 

7. The arrangement as claimed in claim 1 in which initiating charge means is 
connected through a further swi trh to initially charge the capacitor means to a peak 
voltage to provide the requisite electrical energy to establish a required current 
flow in the said coil means. 

8 . The arrangement as claimed in claim 1 in which there is provided a switched 
parallel path accross the bridge to maintain a substantially constant value nf 
current through the current supply terminals irrespective of the settings of the 
switches in the bridge configuration. 

9 . The arrangement as claimed in claim 1 in which the two arms of the bridge at one 
end thereof are connected to respective current supply terminals each at different 
voltage levels to enable different valuer of r^]rrf^n^ flow to be established through 
the coil means in respective opposite directions. 

10. The arrangement as claimed in claim 9 in which separate series connections each 
of a capacitor means and a switch are connected to said respective current supply 
terminals . 

11. The arrangement as claimed in claim 1 in which further coil means is provided 
together with further switch means to enable energy stored in said capacitor means 
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to be transferred to said further coil means. 

12. The arrangement as claimed in claim 11 in which said further switch means also 
enables energy stored in said further coil means to be transferred to said capacitor 
means . 

13. The arrangement as claimed in claim 12 in which the further switch means is 
connected in a bridge configuration and said further coil means is connected across 
the said further bridge configuration. 
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